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Abstract
It is proposed that microbial polysaccharides behave anion-exclusively, permitting the 
transport of cations, but excluding the diffusion of anions. This hypothesis has been 
investigated in the context of polysaccharides produced by microorganisms in the 
rhizosphere. The anion-exclusive behaviour of exopolysaccharides, extracted from broth 
cultures of a range of rhizosphere microorganisms together with several commercial 
polysaccharides (i.e., xanthan, scleroglucan, dextran, guar gum) was investigated by 
measuring the electrochemical potential which developed as a result of the diffusion of 
KCl across a polymer layer. Considering xanthan as a ‘model’ microbial polysaccharide, 
polymer concentration, layer thickness and the presence of either 0-acetyl or pyruvyl 
groups were found to positively affect the degree of anion exclusion. The anion-exclusive 
behaviour of xanthan was verified by direct ion analysis of solutions either side of the 
polymer layer. It was found that in a range of ionic environments, the diffusion of anions 
was reduced by ~70% by the presence of a 3% w/w xanthan layer. The influence of 
xanthan on the diffusion of cations was studied using magnetic resonance imaging. In 
contrast to the proposed theory of anion exclusion, the rate of cation (Mn^ )^ diffusion 
through a 3% w/w xanthan layer was found not to be greater than that through free 
aqueous solution. The possible occurrence of anion exclusion and consequences thereof in 
the rhizosphere were assessed by studying the effect of substitution of the water films in 
soil with a layer of 3% xanthan on the growth of wheat seedlings. The phosphate, but not 
potassium content of those plants grown in soil with xanthan was ~20% lower than in the 
control plants. Those plants grown in xanthan-amended soil produced ~30% more 
biomass by dry weight. The anion-exclusive properties of polysaccharides produced 
naturally in bulk soil, the rhizosphere and root surface of pea was studied by the 
measurement of diffusion potentials. All three were found to show a high level of anion 
exclusion. The influence of 0-acetyl groups in xanthan on the rate of water transport and 
degree of water binding was studied using stray field NMR methods. It was found that 
removal of O-acetyl groups reduces the rate of water transport and increases the rate of 
water binding at any given xanthan concentration. It is proposed that microoganisms 
produce anion-exclusive polysaccharides in the rhizosphere to protect themselves against 
the potentially lethal effects of water stress.
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CHAPTER 1 
General Introduction
1.1. Microbial Polysaccharides in Soil
A common feature of all soil microorganisms is the production of polysaccharides 
(Allison, 1968), which appear to be of three types: intracellular storage polysaccharides, 
located within or as part of the cytoplasm; capsular polysaccharides, found covalently 
attached to the outside of cells, and extracellular polysaccharides which are secreted, 
unattached, into the immediate environment. Generally, the capsular and extracellular 
polysaccharides have the same chemical composition (Cohen and Johnstone, 1964; Jeanes, 
1966) and the difference between the two polymers is not clearly understood (Ferris and 
Beveridge, 1985; Sutherland, 1988). One general opinion is that there is no chemical 
difference between these two types of polysaccharide. A single polymer is secreted from 
the cell where, initially, it binds to the cell wall and when all sites are filled, secretion 
continues into the medium. However, Gotschlich et ah (1981) identified extracellular 
polysaccharides produced by Neisseria meningitidis and Escherichia coli (K92) which 
possessed hydrophobic termini of 1,2-diacylglycerol groups. According to Sutherland 
(1988), these groups cause the polysaccharide to aggregate in the form of micelles. It has 
been suggested that this might be a mechanism for attaching capsular polymer to the 
bacterial surface, perhaps through linkage to a component of the outer membrane. 
Sutherland proposes that such a mechanism may be relatively common in polysaccharide- 
producing microorganisms.
At this stage, it is important for the author to make clear the distinction made in this thesis 
between polymers and polysaccharides. Polymers, by definition, are macromolecules 
mainly composed of either carbohydrates, amino acids, nucleic acids, or any combination 
thereof. On the other hand, polysaccharides describe macromolecules derived primarily 
from sugars only. Throughout this thesis, the slimes which both microorganisms and plants 
produce are referred to as both polysaccharides and polymers. However, when the 
composition of such gels is known to be non-carbohydrate or completely unknown, the 
material is classified as a polymer.
Soil polysaccharides are composed of carbohydrate residues of mainly plant and microbial 
origin. The chemistry of plant-derived polymers is considered later. In the case of 
microbial polysaccharides, according to Sutherland (1972), the most common hexoses to 
be found are D-glucose, D-galactose and D-mannose. Pentoses identified include, ribose, 
arabinose and less commonly, xylose. Methylpentoses, such as fucose and rhamnose are 
also fi*equently found. Aminosugars, in the form of N-acetylated D-glucosamine, D- 
galactosamine and D-mannosamine have been detected. Of the sugai* acids, D-glucuronic 
acid is the most frequently encountered, but D-galacturonic, D-mannuronic and L- 
guluronic have also been found. In addition, microbial polysaccharides contain non-sugar 
components, usually in the form of organic acids such as formate, acetate, pyruvate and 
succinate, although, how common these substituents are in microbial polymers produced 
in soil is yet to be established.
It is important to realise that the majority of studies reported in the literature which 
describe the chemical structure of soil microbial polymers have been achieved by analysis 
of polysaccharides produced in vitro. Very few workers have actually characterised the 
chemistry of soil microbial polymers produced in situ. However, it is comforting to 
appreciate that several of the commercially important polysaccharides are produced by soil 
inhabiting microorganisms, such as dextrans fi*om Leuconostoc bacteria, xanthan from 
Xanthomonas campestris, curdlan from Agrobacterium tumefaciens or Radiobacter and 
scleroglucan from the fungus Sclerotium.
Several workers have attempted to differentiate between microbial and plant 
polysaccharides produced in soil. The most commonly used method, requires knowledge 
of the monosaccharide composition of the soil polysaccharide of interest. According to 
Chenu (1995), microbial polysaccharide generally contains very little arabinose or xylose, 
whereas plant-produced materials contain little mannose or galactose. Hence, the relative 
amounts of (galactose+mannose)/(xylose+arabinose) present in the soil polymer sample, 
'can be used as an index of the origin of the material. This index has also been used by 
0hdekXl972), Cheshire (1979), Murayama (1984) and Ball et al. (1996).
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An alternative and non-quantitative method of differentiation between the two types of 
polysaccharide has been developed by Foster (1981a). When rhizosphere material is 
sectioned and fixed using conventional electron microscopy techniques, it is then stained 
with periodic acid-thiocarbohydrazide-silver proteinate (PATSP). The advantage of this 
stain is that the silver particles produced are much smaller than those formed by more 
conventional silver stains. Use of PATSP therefore allows the localisation of neutral 
carbohydrates with vicinal hydroxyl groups at high resolution. Foster assumes, and by 
some accounts rightly so, that plant-derived polysaccharide possesses a greater net 
negative charge than its microbial counterpart. Hence, Foster found that polysaccharide 
produced by plants in the rhizosphere appeared densely granular, whereas microbial 
polymer consisted of widely spaced granules and fibres. These differences may seem quite 
vague, but fi*om the micrographs taken by Foster using this stain, the two types of 
polysaccharides are clearly differentiated. Of course, this method is only qualitative and 
indeed the reliability of the technique may be doubted. However, most importantly, Foster 
has developed a method of spatially resolving the two types of polysaccharide within the 
rhizosphere environment.
Several workers have calculated the average molecular weight of extracted soil 
polysaccharides. By viscometry, Bernier (1958) obtained a value of 1.3x10  ^Da. Ogston 
(1958) measured a remarkably similar molecular mass of 1.2x10  ^ Da, from a totally 
different soil using sedimentation methods. Mortensen (1960), also using viscometry, 
found a slightly larger, but still similar mean molecular weight for soil polymers of 4.5x10  ^
Da. Sephadex gel filtration studies carried out by Swincer et a l (1968) revealed a bimodal 
distribution of molecular weights for extracted soil polysaccharides. These workers found 
40% of the polymer to have a mean molecular mass >1x10  ^Da and 50^wÿh a molecular
weight <4x10'^  Da. All these workers show soil polysaccharides to have comparably high
;V"molecular weights to those of typical microbial polymers, such as xanthan (~1.5xlO^ Da 
(Holzwarth, 1978)).
Acton et al. (1962) were the first to ascertain that soil polysaccharides constitute 15-25% 
of total soil organic matter. Later estimates came fi*om Swincer et al (1969) with 
proportions between 5-25%, Cheshire (1979) at ~10%, Sakarik and Santruckoua (1992)
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between 17.5-29.7% and Chenu (1995) with proportions between 0.1-1.5%. Obviously, 
the proportion of polysaccharide which constitutes soil organic matter will depend on soil 
type and method of analysis, at least. Notwithstanding the apparent variation in the above 
estimates, such data clearly illustrate the importance of soil polysaccharides as components 
of soil organic matter. Chenu (1995) has also estimated that microbial polymers comprise 
between 1-16% of total soil polysaccharides.
1.2. The Rhizosphere
The rhizosphere was first defined by Hiltner (1904) as the volume of soil, which surrounds 
the roots of legumes, containing an enhanced level of microbial activity relative to soil 
lacking roots, known as bulk soil. There is no doubt that the distinction identified by 
Hiltner between soil associated with roots and soil remote from roots revolutionised the 
approach to studies within soil science. However, this original definition does lack 
specificity and over the years has been the subject of much research. Of course, the exact 
volume of the rhizosphere will inevitably vary, with the chemistry, physics and biology of 
soil, and plant species. The limits of the rhizosphere undoubtedly vary in time and space 
also. Notwithstanding this variability, Foster (1986) estimates the rhizosphere to be 
between 400-3,000 \xm in radius.
In spite of the initial unspecific definitions of the rhizosphere, over the years, some 
workers have more clearly defined this environment. For example, the root epidermis- 
cortex zone, when colonised by microorganisms, has been termed the ‘endorhizosphere’ 
by Balandreau and Knowles (1978). As a consequence, the zone of colonisation just 
outside the root is known as the ‘ectorhizosphere’. The interface between these two 
regions is most probably where the most intimate plant and microbial associations occur, 
and this is termed the rhizoplane (Elliott et al., 1981). The outer limit of the rhizosphere 
has been defined by Newman and Watson (1977) as the radius at which microbial 
abundance is half that at the root surface. However, care must be taken as to whether 
microbial numbers are really an appropriate index for defining the rhizosphere, especially 
considering that Hiltner originally defines this zone in terms of microbial activity only.
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The existence of the rhizosphere, or more specifically, the presence of enhanced microbial 
activity around roots, is reasonably well understood. Even at the beginning of this century, 
Hiltner suggested that it was the release of nitrogen compounds by the nodules of legumes 
which was primarily responsible for the increased level of microbial activity observed in his 
studies. Since Hiltner’s findings, the release of many other compounds from plant roots 
has been linked to an increase in the metabolism of soil microorganisms surrounding the 
root. The most important of these are carbon-based substrates, fixed by the plant itself. It 
is estimated that between 10-20% of the total carbon synthesised by plants is released 
from roots into soil (Martin, 1976; Barber and Martin, 1976; Warembourg and Billes, 
1979; Whipps and Lynch, 1985). In addition, microbial growth stimulators (Bolton et al., 
1986; D’Arcy Lameta and Jay, 1987) and inhibitors (Krupa aild Fries, 1971; Tang et al., 
1987) have been detected in the vicinity of roots, and are believed to contribute to the 
existence of the rhizosphere. Interestingly, Dazzo et al. (1982), from studies on the 
interaction of Bhizohium trifolii with clover roots, found that these roots released 
enzymes which specifically altered the chemistry and/or conformational state of 
polysaccharide produced by R. trifolii, which as a result, enabled the bacterium to attach 
to clover root hairs. The release and significance of such specific molecules from plant 
roots into the rhizosphere is only just being realised.
The production of microbial polysaccharide is stimulated in a high C:N environment 
(Sutherland, 1977, 1987; Elliott and Lynch, 1984) and a high C:N ratio in the rhizosphere, 
provides the most likely explanation for why these materials are more abundant in this 
region than in bulk soil (Wilson, 1961; Rovira and Campbell, 1974; Lasik et al., 1989; 
Watt et a l, 1993) As a consequence, microbial polymers are considered to constitute an 
important component of soil polysaccharides in the rhizosphere and potentially influence 
many physical, chemical and biological processes, occurring in the root environment.
Microbial polymers appear to be predominately acidic (i.e. they stain with ruthenium red, 
crystal violet and alcian blue), hence their net charge is negative (Corpe, 1980), although, 
neutral forms have also been identified (Pasquier et a l, 1997). As an inevitable 
consequence of their charged nature, microbial polymers interact with other charged 
components in the soil and many of their influences on soil structure and plant growth
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arise from these electrostatic interactions. Two such important interactions occur between 
clay minerals and inorganic ions and are considered below. In addition, primarily as a 
consequence of their hydrophilic nature, microbial polysaccharides interact strongly with 
water. The significance of this interaction and implications for the growth and survival of 
microorganisms and plants in soil is also discussed below.
1.3. Clay - Polymer Interactions in Soil
One of the best documented effects of microbial polysaccharides in soils is their ability to 
bind soil particles together forming aggregates. Soils with good aggregate formation and 
structure are much more fertile than soils with little aggregate formation, due to improved 
aeration, infiltration and drainage characteristics. On the basis that an increase in the 
polysaccharide content of soils has been shown to improve aggregate stability (Lynch, 
1981; Lynch and Elliot 1983), and thus improve soil structure, it is likely that the addition 
of microbial polymers to soil also increases the degree of water infiltration and retention. 
Later in this thesis, the potential of microbial polysaccharides for improving water 
relations to both microorganisms and plants in the rhizosphere is discussed.
One of the main causes of aggregation in soil is believed to be the binding interaction 
between clay minerals and microbial polysaccharides. However, the importance of clay 
minerals in the aggregation process was not identified until well after the importance of 
microbial polymers in aggregation had been recognised (La Mer and Healy, 1963; Slater 
and Kitchener, 1966; Theng, 1979).
Numerous workers have established a statistical correlation between soil microbial 
polymer content and the degree of aggregation in soils (Geoghegan and Brian, 1946, 
1948; Martin, 1946; Rennie et a l, 1954; Martin et a l, 1955; Chesters et a l, 1957). Clapp 
et a l (1962) and Martin and Richards (1969) found that microbial polymers, in 
concentrations as low as 0.02-0.2%, can exert a marked binding action on soil particles. 
Further evidence for the role of polysaccharides in aggregation came from degradation 
studies of aggregates by the selective oxidation of polysaccharide using Na-periodate 
(Greenland et a l, 1961; Clapp and Emerson, 1965). However, the use of periodate 
oxidation in these studies remains questionable as when used on some soils, far more
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periodate is reduced than can be accounted for by oxidation of all polysaccharides in the 
soil (Oades, 1984).
However, not all workers have reported a positive correlation between the microbial 
polysaccharide content of soils and aggregation (Salomon, 1966; Webber, 1965). Clapp et 
al. (1962) concluded that the negatively charged nature of microbial polymers was not 
essential for their binding action and later, Baldock et al. (1987) reported no significant 
correlation between the polysaccharide content and stability of aggregates in soils. 
Negative correlations such as these, have led workers to investigate, more closely, the 
mechanism of aggregation and binding between microbial polymers and clay minerals.
The association of microbial polysaccharides with clay minerals has been clearly observed 
by electron microscopy (Foster and Rovira, 1976; Foster, 1978, 1981b; Chenu et a l, 
1987). This work shows the attachment of fine clay particles to capsular or exuded 
polysaccharide. Clay plates seem to align themselves with the surface of polysaccharides, 
encapsulating bacteria, surrounding fungal hyphae or covering root surfaces.
One of the most revealing studies on clay-polymer interactions came fi'om Bloomfield 
(1957), who studied the effects of extracts of aspen leaves on the flocculation of clays; 
Bloomfield states that:
‘Two constituents active in defiocculation have been separated fi'om aspen leaves. One is a 
polysaccharide and the other possesses properties associated with polyphenols. The 
curious feature of this system is that while each of these constituents alone gives 
dispersion only, when both are present a degree of reflocculation approaching that given 
by the original leaf extract is obtained.’
Bloomfield’s work suggested that a further component was involved in the binding of 
clays and polysaccharides, i.e. polyphenols. Following this, Griffiths and Bums (1972) 
studied the effect of adding tannic acid to polysaccharide from Lipomyces starkeyi and its 
effect on aggregation. They concluded that the presence of tannic acids significantly 
improved the stability and persistence of soil aggregates. In addition to this, Martin and 
Aldrich (1955) found that as the concentration of uronic acids in the polymer increased, 
the binding action increased, in the presence of iron and aluminum. Iron, aluminum and
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calcium were shown to act as cementing substances within soil aggregates by Giovannini 
and Sequi (1976). In their study, distinct reductions in aggregate stability were seen 
following extraction of these cations with acetylacetone. Further to this, from work using 
polygalacturonic acid and montmorillonite clay, Parfitt and Greenland (1970) also 
provided evidence for the importance of aluminum in clay-polymer binding. The 
importance of di- or trivalent cations and humic substances in the binding of clays and 
polymers has now been firmly established. As a consequence of the above work, general 
conclusions on the mechanisms of polymer-clay binding have now been drawn.
Clay surfaces have a negative charge arising from amorphous substitution within the clay 
lattice, although some positive charge can develop at the edges of clay platelets. Because 
microbial polymers are typically negatively-charged, in accordance with Coulomb’s law, 
the negatively-charged clay repulses the negatively-charged polysaccharide. Such an 
interaction explains some of the negative correlations obtained in the 1960s between the 
polysaccharide content and level of aggregation in soils. However, electrostatic binding 
between clay minerals and polysaccharides is facilitated by the presence of polyvalent 
cations. This is known as cation bridging and such a process explains the characteristic 
orientation of clay minerals around a microbial polysaccharide capsule. In addition to this, 
polymers can absorb directly to clays in the absence of polyvalent cations by direct 
interaction between negatively-charged groups on the polymer molecule and positive 
charges at the plate edges of clay minerals (Greenland, 1965). Absorption can also occur 
between clay minerals and polysaccharides with no charge (Chenu et al., 1987; Habib et 
a l, 1990). The absorption of acidic polysaccharides to clay surfaces is believed to be 
facilitated not only by cation binding, but by hydrogen bonding, owing to the large number 
of hydroxyl groups present on the polysaccharide, and van der Waal’s forces, due to the 
flexible nature of the polymer molecule, allowing close proximity to the clay surface. 
Factors affecting the ability of polysaccharides to bind clay minerals include, molecular 
weight and conformation of the molecule, nature of the bridging cation, type of clay 
mineral and pH of the soil solution (Hayes, 1980).
Most importantly, several workers have found a direct relationship between the degree of 
soil aggregation and crop productivity. For example. Page and Willard (1947) and van
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Bavel and Schaller (1950) observed a highly significant positive correlation between the 
degree of soil aggregation and yields of com. Rynasiewicz (1945) established a straight 
line relationship between onion yields and the degree of soil aggregation. Somewhat more 
indirect evidence comes fi'om Baver and Farnsworth (1941), who found that sugar beet 
yields in Ohio were markedly reduced when the soil air-space capacity fell below 12%. 
Even as early as 1936, Yoder observed that high yields and early maturity of cotton were 
associated with high non-capillary porosity, a physical feature of soils positively linked to 
the degree of soil aggregation.
It is also important to point out that microbial polysaccharides are only believed to be 
important in stabilising soil aggregates <50 pm diameter. Aggregates with diameters of 
several mm are stabilised by other binding forces, such as fungal hyphae and plant roots 
(Tisdall and Oades, 1982).
In summary, present evidence leads to the conclusion that as a consequence of clay- 
polymer interactions, microbial polysaccharides make a significant contribution to 
aggregate stability in some soils, particularly cultivated soils of relatively low organic 
matter (Greenland et a l, 1962; Lynch and Bragg, 1985). However, in many other soils the 
role of other binding agents, both organic (i.e. humic acids (Chaney and Swift, 1986) and 
lipids (Capriel et a l, 1990)) and inorganic, are at least as important, if not more so. It is 
possible that microbial polysaccharides are of particular importance in initiating 
aggregation, and that longer term stability is more the result of other binding agents.
1.4. Ion - Polymer Interactions in Soil
Metals tend to form bonds with electron donating groups in order to fill their outer 
electron shell. The most effective electron donating group associated with acidic microbial 
polysaccharides is the carboxyl residue. Other weak electron donors on the polysaccharide 
include oxygen molecules associated with the glycosidic bond and hydroxyl residues on 
the sugar subunits. The binding of anions to microbial polymers is rare in soils, due to the 
apparent rarity of basic groups on polysaccharide molecules. Neutral polymers may bind 
cations at hydroxyl groups of hexose or pentose sugars, exchanging with the hydrogen 
ions from water ‘bound’ by the polymer. However, these bonds are relatively weak and of
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little consequence in the soil. Any ion-polymer interactions in the soil are influenced by the 
following factors: linear charge density; basicity or polarisability of anionic groups; steric 
fit or binding of particular cations as a function of the spatial arrangement of complexation 
sites; intramolecular chelation; the binding of polyvalent cations by more than one anionic 
group.
The interaction of ions with microbial polymers in soil may result in the formation of 
soluble complexes, especially with micro-nutrient ions, which may well enhance their 
availability in pH ranges in which they would otherwise precipitate (Bradley and Sieling, 
1953). Conversely, the formation of insoluble complexes, especially with Fe^  ^ and Al^  ^
may reduce availability.
Depending on the nature of the interacting ion, the polymer may take on different physical 
and chemical properties, which may cause it to react differently with other soil 
components. For example, Martin and Richards (1969), by allowing microbial 
polysaccharides to interact with metal ions before addition to soil, found large differences 
in the degree of aggregation, depending on the species of interacting metal ion. Al^  ^ and 
Fe^  ^ greatly reduced the binding action of most polymers, while Cu^  ^ and Zn^  ^ slightly 
reduced, exerted little effect or increased binding. In a similar vain, Gessa and Deiana 
(1990) examined the effect of Ca^  ^and Cu^  ^on the structure of polygalacturonate. Their 
results suggest that Ca^  ^ binds to polygalacturonate forming outer-sphere complexes 
which act to stabilise the network, whereas Cu^  ^ binds to form inner-sphere complexes 
which causes dehydration and collapse of the structure. The binding affinity of cations to 
acidic groups on microbial polysaccharides is expected to follow typical cation binding 
series (Hofmeister series), based on hydrated ion size and valence.
Deiana et ah (1990) elucidated an interesting ion-polymer interaction process which may 
be of some significance in the rhizosphere. Taking the sugar acid D-galacturonic acid as a 
typical functionally active polysaccharide, it was shown that some metal ions, such as 
Cu^ % when complexing with the sugar acid interact with the carboxylate group and ring 
oxygen molecule of the sugar acid, inducing opening of the ring and fi'eeing of a reducing 
aldehydic group. This group, in the presence of Fe^ % acts as a reducing agent, thus
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reducing Fe^  ^to the more mobile and readily available Fe^ .^ However, other cations, such 
as Cd^  ^and Ni^ ,^ when complexing with D-galacturonic acid, interact essentially through 
the carboxylate group, thus not inducing opening of the sugar ring and exposure of a 
reducing aldehydic group. The significance of the interaction between D-galacturonic acid 
and Cu^ ,^ the consequential reduction of Fe^  ^to Fe^  ^in the rhizosphere and its effect on 
plant growth and microbial activity, has yet to be ascertained.
One aspect of ion-polymer interactions which has received considerable attention relates 
to the apparent recalcitrance of microbial polysaccharides in soils. Studies with uronic 
acid-containing microbial polymers have indicated that salt or complex formation with 
certain metal cations may markedly influence the rate of decomposition of polymers in soil 
(Martin et a l, 1966; Martin, 1971). Specific effects depended on the metal cation, Al^  ^
exerted the least effect and Cu^  ^ the greatest, while Zn^  ^ and Fe^  ^ were intermediate. 
Microbial polysaccharides also appeared to be more resistant to degradation when 
complexed with humic acids (Cheshire, 1977; Verma and Martin, 1976). These studies 
suggest that when certain ions and humic substances complex with microbial polymers, it 
renders them chemically protected fi'om enzymatic decomposition, thus prolonging their 
effects on soil processes and structure. From electron microscopy studies, Foster (1981a) 
found that microbial polymers could locate in crevices between stacks of clay plates, in 
pores of submicron diameter. Foster concluded that this made the polymer physically 
inaccessible to microorganisms and enzymes.
1.5. Water - Polymer Interactions in Soil
A general correlation has long been appreciated between water potential and the number 
(Seifert, 1964; Williams et a l, 1972) and activity (Griffin, 1981) of microorganisms in 
soil. The water potential in soil tends to undergo large and sometimes rapid fluctations 
and this has important consequences for microorganisms. Soil water potential conditions 
usually range from saturation to -4.5 MPa in the upper metre of cultivated soils 
(Papendick and Campbell, 1981). Unicellular organisms are in equilibrium with the outside 
water potential (Harris, 1981) because water moves freely across biological membranes, 
thus, when soil dries, microorganisms tend to lo se water, experience plasmolysis and
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eventually die. Both Maréchal and Gervais (1994) and Poirier et ah (1997) have shown 
that exposure of microorganisms to slow water potential decreases can maintain a 
considerable level of cell viability (~80-100%) compared with the corresponding viability 
observed after a sudden step change for the same final water potential (15-57%). One 
important, but as yet unestablished, effect of polysaccharides in soil is their ability to 
protect both microorganisms and plants against desiccation (Hepper, 1975; Dudman, 
1977; Kilbertus et ah, 1979; Bengtsson, 1991),
It was Wilkinson (1958) who first suggested that the formation of polysaccharides by 
microorganisms might prevent an excessively rapid rate of water loss, or gain, that could 
cause death to the cell. Since that time, numerous workers have investigated the survival 
of polysaccharide-producing versus -non-producing strains of bacteria when exposed to 
desiccation, (e.g., Klebsiella aerogenes (Bitton et ah, 1976), Pseudomonas solanacearum 
(Schmit and Robert, 1984), Escherichia coli (Ophir and Gutnick, 1994) and various 
rhizobia (Bushby and Marshall, 1977; Mary et ah, 1986). Unfortunately, no universal 
relationship has been found between polysaccharide production and survival against 
desiccation. Nevertheless, reports do exist in the literature which indicate that microbial 
polysaccharides offer some protection to bacteria against desiccation. For example, Pefia- 
Cabriales and Alexander (1979) observed that the addition of purified exopolysaccharides 
to a Rhizobium strain in soil samples allowed somewhat better survival upon desiccation. 
Furthermore, Roberson and Firestone (1992) found that when a pseudomonad isolated 
from soils undergoing severe desiccation was subjected to low water potentials, the 
production of its extracellular polysaccharide was enhanced. It has also been identified, 
from studies where polysaccharide gels are used as inoculant carriers for microorganisms, 
that although desiccation of the gel still causes severe mortality, the survival of 
microorganisms remains better than without any embedding agent (Mugnier and Jung, 
1985; Bashan, 1986).
Although direct studies on the effect of polysaccharide production on survival against 
desiccation appear to produce conflicting conclusions, it is apparent that the properties of 
bacterial polymers are consistent with a protective role against drying environments. For 
instance. Chenu (1993) has investigated the water retention curves of several microbial
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polymers, including xanthan, dextran and scleroglucan. She concluded that, in general, the 
very high amounts of water held by these materials, especially at high water potentials, are 
consistent with the idea of an external storage of water. Chenu found that even at low 
water potentials (<-10 MPa), the amounts of water retained by polysaccharides was still 
large, and greater than those stored by bacterial cells. It appears water may be 
preferentially absorbed by microbial polysaccharides rather than the cell itself.
According to data presented by Chenu (1993), at relatively high soil water potentials (i.e. 
>-0.1 MPa), both microbial and plant polysaccharides (Morse, 1990) have a high 
capacitance, meaning that relatively small changes in soU water potential are associated 
with substantial losses of water, but, the water potential of the polysaccharide itself is little 
changed. This high capacitance provides buffering to the encapsulated microorganism, or 
root, against short-term soil water fluctuations, as the organism contained within the 
polysaccharide layer will remain in a relatively high water potential environment. 
Numerous workers have provided evidence that the mucilage secreted by the roots of 
several plant species performs this very role (e.g. Zea mays (McCully and Canny, 1985); 
Feracactus acanthodes (North and Nobel, 1992); Opuntia ficus-indica (Huang and 
Nobel, 1993; Huang et al,, 1993)). In every case, it was found that the presence of these 
so-called ‘soil sheaths’ significantly reduced water loss from the root to a drying soil. A 
similar effect has also been proposed by Shepard (1987) from studies on the role of 
extracellular mucilage produced by the alga, Gloeocystis. Shepard found that, under 
drying conditions, the water potential in the gel remained around zero until nearly 70% of 
the original mass of the gel had been lost. It was proposed that the algal mucilage acts as a 
‘reservoir’ of water in drying conditions. Data obtained by Shepard clearly showed that 
this gel, like those studied by Chenu, can give up most of its water without directly 
exposing the organism to very low, potentially lethal, water potentials. More recently, the 
addition of polysaccharide-producing rhizosphere bacteria to plant tissue culture media 
has been shown to reduce the effects of hyperhydricity (Ueno and Shetty, 1997); a 
physiological malformation associated with excessive hydration affecting tissue culture­
generated plants. Although Ueno and Shetty do not fully explain their findings, it is likely 
that the high buffering capacity of the microbial gels effectively reduces the high water 
potential around the root tissue to a more tolerable level.
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In a similar manner, microbial polysaccharides have also been shown to reduce the drying 
rates of sands and clays (Roberson and Firestone, 1992; Chenu, 1993). It takes more time 
for a sand or clay amended with polysaccharide to reach lower water potentials than for a 
pure clay or sand, allowing more time for metabolic adjustment of both microorganism 
and root. This buffering effect of microbial polysaccharides in soils can therefore be seen 
to operate both in drying conditions and in times of excess rain, where a sudden increase in 
the amount of available water in soil can have equally lethal effects for microorganisms (Kieft et 
al, 1987) and roots.
This buffering capacity of microbial polysaccharides is particularly useful in the 
rhizosphere for plant water relations. Although Russell (1977) did not directly consider 
the benefit of polysaccharides at the soil/root interface to this end, his discussions on the 
effects of resistance to water flow at the interface illustrate the point well. Russell argued 
that if the soil/root interface resistance is sufficiently high, the roots of a rapidly transpiring 
plant might reduce the water potential of the neighbouring soil to near wilting point, even 
though the water potential a short distance away was close to field capacity. If, on the 
other hand, the interface resistance was relatively low, water potential would change only 
slowly with distance fi*om roots and the zone from which they could draw water would be 
considerably larger. Such low resistance may be provided by microbial polysaccharides in 
the rhizosphere.
An additional problem for both microorganisms and plants in a drying soil is that as the 
water potential drops, less water is available for diffusion and water paths become 
discontinuous. The diffusion of all ions and solutes in the soil may then be drastically 
reduced. However, as the presence of polysaccharides in soil is believed to reduce the rate 
of drying, the transport of nutrients to cell surfaces may be prolonged in a drying soil 
containing polysaccharide.
However, the presence of polysaccharide in a drying soil may not be completely beneficial. 
Assuming the polymer is hydrophilic and anionic, the proportion of ‘bound’ water will be 
higher in soils containing polysaccharide, compared with an identical soil devoid of
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polymer. The problem is that if water is ‘bound’ or closely associated with the polymer 
molecules, it is not free to hydrate and transport ions and solutes to the organism cell 
surface. Thus, as suggested by Porter et al. (1960), the structure of the absorbed water in 
soils containing polysaccharide may itself impede nutrient supply.
It is interesting to note that several workers have detected the production of 
polysaccharides by plants in organs other than on the external surface of roots. The fact 
that these researchers provide evidence that plants produce these gels to reduce water 
loss, further reinforces the significance and importance of these materials in protecting 
organisms against water stress in the environment. Loik and Nobel (1991) observed that 
the polysaccharide content of the chlorenchyma and parenchyma of the winter hardy 
cactus. Opuntia humifusa, dramatically increased after prolonged exposure to low 
temperatures. These workers proposed that such plants use polysaccharides to reduce 
water efflux from the cells and thus prevent tissue damage due to rapid freezing. The 
presence of polysaccharides is also believed to prevent ice nucléation. In another study, 
Morse (1990) identified a link between the polysaccharide content of leaves of the annual, 
Hemizonia luzulifolia, and the ability to tolerate drought stress. It was found that the 
apoplasm of leaves of one subspecies of this plant contained high levels of pectin-like 
polysaccharide, whereas the leaves of another subspecies contained low levels of this 
polymer. Morse found that near full hydration, the relative capacitances of those leaves 
containing high levels of pectin (0.7 MPa'^) were an order of magnitude greater than the 
low polysaccharide leaves (0.08 MPa'^). It was proposed that this apoplasmic water store 
causes a larger transfer resistance between apoplasm and xylem in high pectin leaves. 
Hence, in drought conditions, the high polysaccharide content of the apoplasm buffers the 
surrounding cells at lower water potentials and the high transfer resistance reduces water 
movement between the xylem and apoplasm. All these reports clearly indicate the 
importance of polysaccharides to plants in reducing the effects of water stress.
A substantial amount of information concerning the interaction of polymers with soil has 
come from the use of these materials as soil conditioners. Typically, synthetic polymers, 
such as polyacrylamides, polyvinyl alcohols and starch co-polymers are u tilised, although 
natural polysaccharides, such as alginic acids and polyuronic acids, have also been
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employed. When applied correctly, these hydrophilic materials have the potential to 
improve soil physical properties (Terry and Nelson, 1986), aid seed germination and 
emergence (Azzam, 1983), increase seedling survival (Gray, 1981), reduce the irrigation 
requirement for plants (Flannery and Busscher, 1982) and increase nutrient recovery from 
applied fertilisers (Smith and Harrison, 1991; Mikkelsen, 1994). The primary mechanisms 
by which these soil conditioners achieve these effects have already been described.
In addition to these effects, Johnson (1984) and Woodhouse and Johnson (1991) found 
that the addition of polymers to soil not only improves its water holding capacity, but 
more importantly, the supply of available water to the plant. In support of these findings, 
in a similar study, Johnson and Leah (1990) reported that all the available water held by a 
polyacrylamide gel used in their experiments was at tensions within the plant-available 
range, predominantly between 1.5-2.7x10'  ^Pa. In another study, Choudary et al. (1995) 
found that the water holding capacity of a sand was increased by 24-97% when treated 
with 0.6% polyacrylamide. These workers also reported that evaporation from this 
polymer-treated sand was reduced by 43% compared to the control.
The above discussions clearly indicate the importance of microbial polysaccharides in 
improving water relations both to microorganisms and plants in soil.
1.6. Proposed Roles of Microbial Polysaccharides in Soil
As illustrated in the preceding discussions, as a consequence of the interaction between 
microbial polymers and other organic and inorganic components in the soil, these 
macromolecules can influence a wide variety of physical, chemical and biological 
processes. Since their discovery in soils in the early part of this century, an increasing 
number of roles have been attributed to microbial polysaccharides. According to 
Sutherland (1972), despite the wealth of knowledge on the structural chemistry of 
extracellular polysaccharides, their precise biological role(s) remain relatively obscure. 
Allison (1993) also reported that the structure-fimction relationships of microbial 
polysaccharides have received little attention. Notwithstanding these comments, the list 
below gives the current proposed roles of microbial polymers in soil. Due to the extent of
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this list, detail has been minimised and the reader should refer to the accompanying 
references for further information.
1. Aggregation of soil constituents (see review, Robert and Chenu, 1992).
2. Anti-desiccant (Leach et al., 1957; Eklund et a i, 1966)
3. Reduction of water stress (Chenu, 1993, 1995).
4. Protectants against heavy metals (den Dooren de Jong, 1971; La Paglia and Hartzell, 
1997), and O2  in N2  fixing bacteria (Postgate, 1971; Barbosa and Alterthum, 1992).
5. Protection against the conditions of acidic stress in the rhizosphere (Cunningham and 
Munns, 1984).
6. Modulation of metal ion uptake in bacteria (Geesey and Jang, 1989) and plants (Lee 
and Loutit, 1977).
7. Immobilisation of toxic ions for plants (Horst et a l, 1982).
8. Binding and bioaccumulation of pesticides in soils (Wolfaardt et a l, 1994).
9. Provision of an organic nutrient source for fungi (Szaniszlo et a l, 1968).
10. Recognition sites in Rhizobiim-l&^me symbiosis (Djordjevic et a l, 1987; Morris et 
al, 1989) and infection hy Agi'obacterium tumefaciens (Kamoun eta l, 1989).
11. Microbial metabolic waste products (Dubos, 1945).
12. Sites for the retention and protection of proteins and enzymes from degradation 
(Martens and Frankenberger, 1991; Barker and Gray, 1983).
13. Provision of a supporting matrix for extracelluar enzymes of wood-degrading 
Basidiomycetes (Ruel and Joseleau, 1991).
14. Adhesion to solid surfaces in soil where higher concentrations of nutrients may be 
found (Norkrans, 1980; Ramphal and Pier, 1985).
Despite the apparent importance of microbial polymers in soils, it is intriguing to note that 
bacteria unable to synthesise polysaccharide can be found in soils. Moreover, mutation 
towards a non-polymer-producing form does not appear to affect viability. This suggests 
that polysaccharides are not essential for the viability of bacteria. However, it seems 
unlikely that evolution would have preserved species producing fimctionless substances 
that require quite heavy demands of carbon and energy for their synthesis. On this basis, 
microbial polysaccharides may have some competitive advantages. This is a pertinent
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point, as researchers, in assessing a fiinction for microbial polymers in soil, often, and 
quite understandably, approach the situation fi*om an anthropocentric point of view. They 
consider the advantages to the organism of its occupancy of a particular ecological 
situation. Rarely do they believe that the organism occupies the niche by chance and its 
reactions are only those of survival under what may be adverse conditions. It is thus 
important to realise that the production of polysaccharides by soil microorganisms may 
not confer a distinct net advantage to the organism. The ability of a microorganism to 
produce these materials may be merely competitive and function simply to improve the 
chances of survival under a whole range of environmental stresses.
Despite the apparent wide variety of functions which have been attributed to microbial 
polysaccharides in soil, very little work has been conducted on the effect of these polymers 
on the diffiision of ions in soil and subsequent effects on the availability of nutrient ions to 
plants. Considering the relative abundance of microbial polysaccharides in the rhizosphere 
(Lasik et al, 1989) and their charged nature, their effect on the diffusion of nutrient ions 
from bulk soil to root surface may be significant. The most probable region in the 
rhizosphere where such an effect may occur is at the root/soil interface, where a layer of 
polysaccharide is commonly observed, covering the root surface. This covering has been 
termed the mucigel layer.
1.7. The Mucigel Layer
The existence of a mucilaginous slime film on the external surface of roots was first 
recognised by Schwarz, as early as 1883. It was not visible by the methods then available, 
but Schwarz deduced that a transparent gelatinous substance was present on the root 
surface because soil particles close to it did not show any brownian movement. It was 
Jenny and Grossenbacher (1963) who conducted the first investigation using electron 
microscopy on this mucilaginous covering on roots. They were the first to call this 
substance the mucigel layer, defined as:
‘a carbohydrate-based layer covering non-axenic roots which is of variable thickness and 
composed of polysaccharide of both plant and microbial origin.’
Mucigel is thus clearly distinguished from plant mucilage, a polysaccharide of exclusively 
plant origin. Since the early 1960s, a mucigel layer has been observed on the roots of all
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plant species examined, with the exception of rose, carnation and Chrysanthemum, which 
appear to lack a mucigel layer (Russell, 1977). With suitable staining, globules or sheaths 
of mucigel are clearly visible under the light microscope, surrounding root tips (Figure 
1.1), in some instances, their diameter can appreciably exceed that of the root itself 
(Samtesevich, 1965; Leiser, 1968).
loo um
Figure 1.1. Clover root stained with Toluidine Blue to show the mucigel 
layer (outlined). Reproduced from Mosse and Hepper (1975).
Evidence for the plant-derived component of mucigel came from studies of plants grown 
under aseptic conditions where, by using electron microscopy, a layer of polysaccharide 
was clearly observed on the root surface (Dart and Mercer, 1964; Greaves and 
Darbyshire, 1972). The significance of the production of root mucilage to the plant, in 
terms of metabolic load, has been illustrated by Samtesevich (1965), who proposed that, in 
wheat, the total amount produced may equal the weight of grain harvested. Evidence for 
the contribution of microbial polysaccharide to the mucigel layer came, primarily, from 
Greaves and Darbyshire (1972), who identified distinctly more polysaccharide on the roots 
of a range of plants when microorganisms were present than axenic conditions.
1.7.1. Thickness of the Mucigel Layer
The extent of the mucigel depends on numerous factors. For example, thickness varies 
with plant species. Brams (1969) reported a mucigel thickness of just 2 pm on young 
citrus roots, whereas O’Brien (1972) reported a slightly thicker mucigel layer on the roots 
of maize, oat, wheat, pea and willow. Foster and Rovira (1976) reported a mucigel 
thickness of -10 pm on the roots of wheat plants and Campbell and Rovira (1973) 
reported that the mucigel of clover was between 5-20 pm thick. Foster (1978) observed
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much thicker mucigel layers between 20-50 pim on the roots of grasses from irrigated 
pastures. In the extreme case, mucigel layers several mm thick have been found on the 
root-caps of aerial roots of many tropical plants (Esau, 1953). Although not strictly 
mucigel, Foster (1986) has also observed relatively thick homogenous gel layers between 
3-5 mm thick, extending out from the surface of wheat roots with densely packed root 
hairs. This gel-impregnated layer is often seen to exceed the diameter of the root itself 
Foster also reports that in dry conditions, the soil around these roots clings tenaciously to 
the root hair zone, forming a root hair/gel/soil complex, denoted a rhizosheath. Similar 
structures have also been observed by Wullstein and Pratt (1981). However, the 
appearance of these rhizosheaths was actually first observed as early as 1882 by Saachs. 
Figure 1.2. shows the beautifully detailed drawings made by Saachs of the rhizosheaths of 
two young wheat plants.
Figure 1.2. Drawings of wheat roots showing rhizosheaths. 
Reproduced from Saachs (1882).
In the younger root, on the left, all the roots are surrounded by rhizosheaths, except at 
their growing tips. In the older plant, on the right, rhizosheaths are absent from the 
proximal zones of the roots but present on the distal, younger zones. These rhizosheaths, 
closely reproduced by drawings from experimental observations made by Saachs, provide 
a pertinent view of the appearance of polysaccharides in the rhizosphere. The interesting
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feature of these rhizosheaths is that in general, their presence has been overlooked. As, 
they only develop to a limited extent in potted plants and with field-grown plants, careful 
excavation is required to observe them. They are also obscured by washing and by 
sampling soil cores. Although these rhizosheaths are not exclusively composed of mucigel, 
as a consequence of their high polysaccharide content (of both plant and microbial origin) 
and their relative size, the significance of these layers on the diffusion of nutrient ions to 
the root cell surface, must be considered significant.
In relation to the mucigel, Greaves and Darbyshire (1972) concluded, from studies on a 
range of plant roots, that the thickness of this layer was in fact influenced by the presence 
of bacteria. It was found that the mucigel was 0.5 pm thick on axenic roots and 0.5-8 pm 
thick in the presence of microorganisms.
Soil water content may also influence thickness of the mucigel layer. Campbell and Rovira
(1973) and Foster and Rovira (1976) found that in dry soils, the mucigel may be less the 
1pm thick and under conditions of water stress it may dry down to a thin papery layer. 
Conversely, in solution culture, the mucigel layer can be up to 1 mm thick (Morré et a l, 
1967).
Mucigel thickness can also depend on position on the root. There appears to be general 
agreement that the root tip is the major site of plant mucilage production (Dawes and 
Bowler, 1959; Leiser, 1968; McDougall and Rovira, 1970; Pauli and Jones, 1975). 
Accordingly, the mucigel is thickest at the root apex. Greaves and Darbyshire (1972) 
found that on the roots of a variety of species, the mucigel layer at the root-cap was 
between 0.5-8 pm thick, whereas on all other parts of the root, the mucigel was ~0.5 pm 
thick. Similarly, Pickett-Heaps (1967) and Leech et al (1967) observed that the mucigel 
was thickest on the first 10 mm of the growing root rip of wheat. However, Floyd and 
Ohlrogge (1970) did not observe a thicker layer of mucigel at the root apex, but reported 
a constant, continuous covering, over the entire root surface of maize. Campbell and 
Rovira (1973) also observed a continuous, uniform covering of mucigel on the roots of 
clover and ryegrass. In addition to these observations, Rovira and Campbell (1974) 
observed a much thinner mucigel layer at the base of root hairs in wheat and Foster (1982)
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noted that the mucigel of several grasses was thickest at the intercellular spaces on the 
root epidermis of axenic and non-axenic plants.
1.7.2. Colonisation of the Mucigel Layer
From studies using electron microscopy, the mucigel layer can clearly be seen to be 
colonized and lysed by microorganisms (Greaves and Darbyshire, 1972; Foster and 
Rovira, 1973, 1978; Foster, 1982). However, the root-cap region is usually devoid of 
microbial colonization. For example, Greaves and Darbyshire (1972) and Rovira and 
Campbell (1974) observed increasing colonization of the mucigel layer from ~100 pm 
back from the root tip. Both bacteria and fungi were identified. Rovira and Campbell 
(1974) also noted that no bacteria were present in the mucigel of wheat roots up to 100 
pm from the root apex. Similar results were obtained by Dayan et al (1977) from studies 
on barley roots. It was found that 0.3-0.5 cm above the root tip, bacteria appeared in small 
groups, whereas at 0.7 cm above the tip these groups were more abundant and composed 
of more cells. Dayan and co-workers suggested that one reason for the absence of bacteria 
at the root tip may be the production of antimicrobial substances at this site.
From studies using scanning and transmission electron microscopy, Foster and Rovira 
(1976) noted distinct changes in the colonization of the mucigel on wheat roots as the 
plant aged. They observed little microbial colonization in young roots and concluded that 
most of the mucigel on young roots is of plant origin. Later in the growing season i.e. 
flowering time, Foster and Rovira noticed a distinct reduction in thickness of the mucigel 
layer and an increase in the abundance of microorganisms and associated polymer. From 
these observations, they suggested that in more mature roots, microbial polysaccharide 
constitutes the major proportion of the mucigel layer. Foster (1981a) came to a similar 
conclusion, from observations on older roots, where an increased abundance of loose 
microbial polymer as well as capsular material was noted within the mucigel layer.
1.7.3. Appearance of the Mucigel Layer
Jenny and Grossenbacher (1963), from their pioneering study on the ultrastructure of the 
mucigel layer, noted a clear outer boundary to the gel layer. However, Foster and Rovira 
(1976, 1978) failed to identify such a well delineated margin on the mucigel layer. They
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found the mucigel boundary to be much more diffuse, often forced into the soil fabric by 
root pressure. They also noticed that in many instances, bacteria had destroyed the surface 
of the mucigel and had come to lie in lysis holes in the gel (Foster, 1982). However, if 
roots are grown in dry sandy soils, with large voids, and especially if the soils are sterilized 
with radiation, then as reported by Dart and Mercer (1964), Greaves and Darbyshire 
(1972) and Foster (1981b), a definite ‘membrane’ can be demonstrated near the surface of 
the mucigel.
In roots grown in natural field conditions, from studies using transmission electron 
microscopy, Foster (1982) observed the mucigel to be markedly heterogeneous in 
structure, with certain regions appearing particularly dense, probably representing regions 
rich in carboxyl groups. In accordance with such an heterogeneous appearance, from 
studies on the rhizosphere of wheat, using electron microscopy, Leppard (1974) and 
Leppard and Ramamoorthy (1975) identified a characteristic physical structure which they 
claim the mucigel layer may adopt in soil. A network of ‘rhizosphere fibrils’ arising fi-om 
the root surface and extending into the soil was observed, Leppard (1974) suggested these 
fibrils were composed of polygalacturonic acid. The fibril diameter was noted to be 
between 3-10 nm. According to Leppard, these structures are believed to facilitate close 
contact and binding of soil particles at the root-soil interface.
However, the reaction of polymer solutions with homogeneous structure to the 
introduction of polyvalent cations is well documented. Typically, these di- or trivalent 
cations cross-link the polymer molecules, resulting in gelation of the solution and the 
appearance of strands by examination under the electron microscope (Costerton et al., 
1981). Thus, the fibrillar appearance of the mucigel layer, as described by Leppard (1974), 
may be more the result of staining procedures for observation, than natural mucigel 
structure. However, one cannot completely disregard natural cross-linking of the mucigel 
by polyvalent cations in the rhizosphere. A fibrillar appearance of the mucigel layer has 
also been noted by Guckert et al. (1975) and Jenny and Grossenbacher (1963). Although, 
these workers have also observed a more homogeneous granular structure in many 
instances. Before any further conclusions are drawn as to the structure of the mucigel at 
the soil-root interface, a different method of analysis must be employed to account for the
31
possible formation of fibrils during preparation of material for analysis by electron 
microscopy.
1.7.4. Plant Mucilage
The existence of two types of mucilage produced by the plant as components of the 
mucigel was first identified by Price (1912) on the root tips of various species of desert 
grasses. Price observed a mucilage secreted around the root-cap and a morphologically 
different mucilage secreted by the epidermal cells along the whole root length. Mild et al 
(1980), fi*om histochemical studies on the mucilages of several grasses, has also confirmed 
the existence of two types of root mucilage. However, several studies have failed to 
recognise the presence of these two different types of mucilage. This has resulted in much 
confusion in the terminology and interpretation of hundreds of electron micrographs taken 
of the mucigel layer over the last 50 years (Rovira et a l, 1979).
Root-cap mucilage is secreted by the outer root-cap cells and production has been shown 
to be a function of the Golgi apparatus in these cells (Northcote and Pickett-Heaps, 1966; 
Roberts and Northcote, 1970). Polysaccharide has been identified in isolated Golgi, 
cistemae and vesicles after cell fi-actionation (Harris and Northcote, 1971). When 
mucilage destined for secretion accumulates in the Golgi apparatus, secretory vesicles 
develop and by hypertrophy of the cistemae, the vesicles separate and become free in the 
cytoplasm. The vesicles then traverse the cytoplasm, fuse with the cell membrane and their 
contents are discharged as droplets fi-om the protoplast at the root tip (Morré et al, 
1967). How the mucilage moves through the cell wall is not clearly understood, but 
discharge is believed to be a passive process, depending on the level of mucilage hydration 
and turgidity of the cell (Guinel and McCully, 1986). An apparent dissolution of the cell 
wall associated with secretory activities has been reported by Hall et al (1966).
Epideimal mucilage originates as secretions from epidermal cells (Leech et a l, 1967; 
Dauwalder et a l, 1969). These cells contain numerous dictysomes, particularly in the top 
portion of the cell and these may be interpreted as contributing secretory vesicles to the 
root surface. Various workers have stated directly, or implied by the terminology they 
used to describe the epidermal mucilage, that it is formed by partial hydrolysis of the outer
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epidermal cell walls (see Oades, 1978). Although, this may be correct, at the present time 
there appears to be no supporting evidence. Miki et al (1980), from histochemical studies 
on the mucilage of several grass species, concluded that the epidermal mucilage consists of 
two layers. A thin, heavily stained, outer layer and a thicker, poorly stained, inner layer. 
However, Chaboud and Rougier (1986) argue that this thicker, inner layer is part of the 
cell wall. Foster (1981a) has suggested that the mucigel layer itself may simply be a lysed, 
continuum of the primary cell wall.
To summarise, it is currently understood that there are four sources of plant mucilage 
forming part of the mucigel layer, which may or may not be chemically different (Bowen 
and Rovira, 1991). These are as follows:
1. Mucilage originating in the root-cap and secreted via Golgi vesicles.
2. Mucilage secreted by epidermal cells with only primary walls and root hairs.
3. Hydrolysates of polysaccharide of the primary cell wall of epidermal and sloughed 
root- cap cells.
4. Mucilage produced by bacterial degradation of the outer multilamellate primary cell 
walls of old, dead epidermal cells.
1.7.5. Chemistry of Plant Mucilage
Most of the chemical analyses conducted on the mucigel layer, by default in design and 
experimental convenience, have examined root mucilage only. As far as the author is 
aware, very few studies have chemically analysed the mucigel layer from a mature root 
system grown in natural conditions, where substantial microbial colonisation can occur. 
Hence, the following describes the chemical content of root mucilage only.
There is general agreement that root mucilage is predominantly carbohydrate in nature 
(Rovira, 1965; Rovira and McDougall, 1967). A positive reaction with periodic acid- 
Schiff reagent and with cationic dyes such as methylene blue, have indicated carbohydrates 
with cis hydroxyl groups (Pickett-Heaps, 1968) and polyuronic materials (Gurr, 1965), 
respectively.
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The majority of chemical analyses of plant mucilage have been conducted using maize 
roots. Maize appears to represent a favourable system because its root-cap produces 
profuse amounts of secretory material exuded as droplets in the presence of pure water 
that are easily collected at the tip of roots. The postulated structure of maize mucilage is a 
core of P,l-4 glucan chains to which are bound hydrophilic side chains (Wright and 
Northcote, 1976). Histochemical studies (Miki et a l, 1980) have confirmed the presence 
of P,l-4 glucan chains and of numerous carboxyl groups. Floyd and Ohlrogge (1970) 
examined the neutral sugar composition of maize mucilage and found the following: 
galactose, 20.6%; arabinose, 23.5%; xylose, 14.6%; fucose, 32.4%. Similar results from 
maize mucilage have also been obtained by Wright and Northcote (1974) and Vancura et 
al (1977). However, Chaboud (1983) identified a higher galactose content (30.7%) and 
the presence of glucose (18.5%). The presence of fucose in maize mucilage appears to be 
characteristic of this species. Galacturonic and glucuronic acidshave also been identified in 
maize mucilage (Floyd and Ohlrogge, 1970; Harris and Northcote, 1970; Kirby and 
Roberts, 1971). Bowles and Northcote (1972) identified galacturonic acid as the major 
sugar acid in maize mucilage and Jones and Morré (1967) reported a galacturonic acid 
content of 12%. However, Bacic et al (1986) found relatively low levels of uronic acids 
(3%) in maize mucilage. Bacic and co-workers suggested that previous workers had 
obtained higher levels due to contaminants fi-om cell wall materials. Large variations in the 
protein content of maize mucilage have also been reported (Floyd and Ohlrogge, 1970; 
Pauli et a l, 1975; Chaboud, 1983; Northcote, 1982) ranging from 0.5-30%. Such 
variations in the chemical composition of maize mucilage obtained by various workers can 
be attributed to different extraction techniques, methods of analysis, non-sterile conditions 
and variations in the level of mucilage purity. The molecular weight of maize mucilage has 
been estimated to be between 2x10® (Pauli et al^  1975) and 9x10  ^ (Floyd and Ohlrogge, 
1970). Maize mucilage appears to contain various phenolic acids, including ferulic and p- 
coumaric acid (Bacic et al, 1986). It has been suggested that ferulic acid residues may be 
linked to hydrophilic sugars to form diferulate bridges between polymer molecules (Ishii, 
1997).
Quantitative data do not appear to be available for the mucilage of many other plants, 
although wheat mucilage has been studied by Northcote and Pickett-Heaps (1966),
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Pickett-Heaps (1968) and Vancurra et a l, (1977). The sugars identified in wheat mucilage 
were essentially the same as those found in maize mucilage, except for the absence of 
fucose. The mucilages of barley (Dayon et a l, 1977), cress (Ray et a l, 1988) and rice 
(Chaboud and Rougier, 1984) have also been examined. Other non-carbohydrate 
components of plant mucilage which have been identified include lipids (Scott et a l, 1958; 
Rovira, 1965), phosphatases and ATPases (Floyd and Ohlrogge, 1970).
1.7.6. Functions of the Mucigel Layer
The currently perceived functions of the mucigel layer are listed below, together with 
accompanying references. As for microbial polysaccharides, many of the proposed 
attributes of this layer arise as a result of its charged nature.
1. Maintenance of plant-soil contact (Jenny and Grossenbacher, 1963; Vermeer and
McCully, 1982).
2. Stabilisation of soil aggregates (Guckert et a l, 1975; Foster and Rovira, 1976).
3. Binding of soil to roots, increasing the water-holding properties of the rhizosphere 
(McCully and Boyer, 1997).
4. Reduction of fiiction between moving root tip and soil (Esau, 1953; Barley and 
Greacen, 1967).
5. Reduction in the mechanical strength of soil around roots, thus permitting easy
penetration of young roots, by increasing the matric potential as the gel hydrates
(Whiteley, 1989).
6. Protection against infection and abrasion (Smith and Montgomery, 1959; Guinel and 
McCully, 1986).
7. Prevention of root desiccation (Leiser, 1968; Guinel and McCully, 1986).
8. Protected niche for rapid colonisation by beneficial microorganisms (Dart and Mercer, 
1964).
9. Recognition sites for zoospores of oomycetous fungi (Hinch and Clarke, 1980; Callow 
e ta l, 1987).
10. Protection fi-om uptake of toxic metals (Horst et a l, 1982).
11. Cation exchange surface (Jenny and Grossenbacher, 1963; Ramamoorthy and 
Leppard, 1977).
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12. Selective accumulation of cations, e.g. Ca^  ^ in the Cactaceae (Trachtenberg and 
Mayer, 1982).
13. Source of soil carbon (Shamoot e ta l, 1968; Oades, 1978).
14. Diffusion barrier for root exudates (Mosse, 1975).
In summary, it is clear that the mucigel layer constitutes a key component of the root-soil 
interface. It is composed of both plant and microbial polysaccharide, although on more 
mature roots, microbial polysaccharide may predominate. The mucigel layer is of 
significant thickness and is relatively continuous. The plant polysaccharide component is 
somewhat analogous to soil microbial polymers, in terms of charge and gel-like 
characteristics. At the present time, the plant and microbial polysaccharide components of 
the mucigel layer may thus be assumed to interact with ions and soil water in similar ways. 
The influence of microbial polymers, as essential components of the mucigel layer, on the 
diffusion of nutrient ions to the root surface forms a key objective of this thesis.
Very little work has been conducted on the diffusion of nutrient ions through microbial 
polymers. For a theoretical approach, reference is made to other studies where the 
diffusion of ions through anionic polysaccharides has been more thoroughly investigated.
1.8. The Diffusion of Ions through Anionic Polysaccharides
1.8,1. The Theory of Permselectivity
Most of the work conducted on the diffusion of ions through anionic polysaccharides is 
concerned with the theory of ion diffusion through artificial cell membranes. In order to 
understand the movement of ions across cell membranes before techniques for the 
isolation of membranes were developed and the chemical and physical structure of 
membranes known, the ion permeability of membranes was studied using model 
membranes. These artificial membranes were typically made of collodion, a syrupy 
solution of cellulose nitrate in a mixture of alcohol and ether.
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Figure 1.3. A schematised anionic polysaccharide pore with diffusing 
ions. Reproduced from Sollner (1958).
Anionic polysaccharides are assumed to form a network-like structure in solution, 
consisting of distinct pores containing free and/or bound water. Through these pores, ions 
can diffuse. Figure 1.3 represents such a network, the shaded areas signify the solid 
molecular components of polysaccharide and the spaces in between, the pores. The 
negative charges on the polymer are assumed to be located at the pore walls. The dotted 
circles around these fixed wall charges indicate their effective fields of electrostatic 
interaction. It is important to note the heteroporous nature of these polysaccharide layers, 
as indicated in Figure 1.3. They consist of a mosaic of wide and narrow channels, with 
broadening of pores as well as dead-end cavities. With reference to Figure 1.3, ions diffuse 
through the pore from left to right, down a concentration gradient. The counterions, in 
this case cations, diffuse into the pore, are attracted by the fixed charges and thus pass on 
through the pore by diffusion or contact exchange with the fixed negative charges on the 
pore wall. The coions, or anions in Figure 1.3, have more difficulty diffusing through the 
pore, due to electrical repulsion by the fixed negative charges. At sufficiently narrow pore 
diameters, as depicted in Figure 1.3, the fields of electrostatic interaction of two adjacent 
fixed negative charges may overlap and thus completely prevent the diffiision of anions 
through the pore. If a similar situation occurs at a sufficient number of locations in the 
polysaccharide layer, then all pathways for anion diffusion will be blocked. In a
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polysaccharide of this nature, the cations can therefore dijftuse through the pores, whereas 
anions cannot.
This sieving behaviour of polysaccharide layers based on charge of the diffiising species, is 
known as permselectivity. The phenomenon was first observed by Loeb and Beutner as 
early as 1912, from studies on ion diffusion across apple skin. Later, in 1925, Michaelis 
repeated the experiments using parchment paper followed by collodion and reported the 
same phenomenon. However, it was not until the 1940s and 50s that the theory of 
permselectivity, as described above, was fully developed by Karl Sollner, supported with 
experimental evidence using collodion membranes. Sollner (1958) adopted the term cation 
selectivity to describe polysaccharide layers which allow the diffusion of cations but not 
anions, and anion selectivity to describe polymer layers allowing anions to diffuse but not 
cations. The theory of permselectivity now forms the basis of current membrane theory 
and is widely accepted.
Since the development of the theory of permselectivity by Sollner, numerous other 
workers have studied the behaviour of ions in charged polymer layers. Some interesting 
obseivations have been made. For example, it has been shown that interactions between 
the diffusing counterion and coion can affect the relative rates of transport of each of these 
ions through a charged polymer layer. It is generally agreed (Meares, 1968) that the more 
thermodynamically preferred a counterion is by the polymer layer, the more closely it 
approaches the fixed charges and the more complete is the mutual shielding of the ionic 
fixed charges. In such cases, the coion has less interaction with the fixed charge, and thus 
diffuses through the polymer at a faster rate than would otherwise be expected. Hence, the 
nature of the interaction between the counterion and fixed charge can influence the ability 
of a charged polymer to retard diffusion of the coion. Thain (1964) has presented some 
experimental evidence to show that the diffusion coefficient of coions is enhanced in the 
presence of a thermodynamically preferred counterion. When considering the diffusion of 
ions through microbial polysaccharides in the context of the complexity of the rhizosphere, 
such interactions as these may be important.
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As a result of the development of the theory of permselectivity and subsequent work, a 
variety of artificial membranes have been produced and over the years found many 
applications in industry. The list below, summarises some of these applications with 
accompanying references.
1. Measurement of activity coefficients of ions (Malatesta and Carrara, 1992).
2. Separation of ions in salt production (Saracco and Zanetti, 1994).
3. Treatment of waste water (Saracco et a l, 1993).
4. Reversible membrane electrodes (Gregor and Sollner, 1954)
5. Ion selective membranes for clinical sensors (Murphy et a l, 1992).
6. Membranes for flowing electrolyte batteries used for electric vehicles, solar photo­
voltaic and wind applications (Arnold and Assink, 1983).
7. Brain tissue transplantation surgery (Winn et a l , 1989)
Very few reports can be found in the literature concerning the occurrence and function of 
permselective membranes in biological systems and natural environments. One exception 
to this, is a report by Gandhi and Robinson (1991), who have examined the permselective 
behaviour of rabbit buccal mucosa membrane. Rojanasakul and Robinson (1989) have also 
identified that the cornea possesses permselective properties and in fact can behave both 
cation and anion selectively, depending on the degree of protonation of the comeal 
epithelium. More recently. Cooper and Roy (1994) have suggested that the cell walls of 
wood may be permselective, and that such a phenomenon could explain the lack of 
penetration of wood-protecting anions into timber.
Due to the anionic nature of microbial polysaccharides, they may be expected to behave 
cation selectively. The main features of cation selective layers as described by Sollner
(1974) are as follows:
• Relatively impermeable to anions.
• Rate of cation diffusion is greater than in free solution.
• Rate of diffusion of divalent cations is considerably slower than univalent and trivalent 
cations.
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• Mechanism of cation selectivity is controlled directly by polymer conformation, which 
depends on: polymer chemistry, chemical environment and the level of hydration.
If microbial polysaccharides, as components of the mucigel layer, possess the features of 
cation selective layers, they may significantly affect the diffusion of ions from bulk soil to 
the root surface. The key proposal which arises from this is that microbial polysaccharides, 
if behaving cation selectively, may restrict the diffusion of important nutrient anions, such 
as nitrate and phosphate, to both the microorganism and root cell surface.
1.9. The Diffusion of Ions through Microbial Polysaccharides
Diffusion is a process that results fi-om the random, chaotic, non-coherent motion of 
molecules due to their thermal energy. The consequence of diffusion is the net movement 
of material fi-om regions of high to low concentration. The importance of diffusion to the 
growth of microorganisms should never be underestimated. The strategy used by 
microorganisms of remaining small and simple, makes their dependence on diffusion more 
obvious. The advantage of being small is that simple mechanisms, even though they appear 
primitive, can work well. In many cases, no system need be constructed; the default laws 
of physics and chemistry suffice. Few workers have summarised the significance of 
diffusion to biological processes as well as Karger et al. (1988), who argue that diffusion 
is in fact at the heart of evolution, which itself is based on the perpetual transformation of 
matter. Karger and co-workers argue that it is diffusion which drives evolution, through 
the superposition of a endless number of processes, most of which are accompanied or 
even stipulated by molecular migration.
Very little quantitative information exists in the literature on the diffusion of ions through 
microbial polymers. However, various workers, have given some comment or theoretical 
consideration to this end. For example, Dudman (1977) points out that:
‘External microbial polysaccharides, irrespective of whether they are acidic or neutral, can 
be expected to act in varying degrees as diffusion barriers, molecular sieves or 
absorbents.’
Although dealing with solutes and not ions, Dudman comments:
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‘The lower solubility of solutes in microbial polysaccharides may be more significant than 
is immediately apparent. Although the diffusion coefficients of these solutes may not be 
markedly affected in the polymer layer, lower solubility here could have a large effect on 
the total flux of solutes across the layer, because of the lower concentration gradients 
imposed.’
More specifically, Dudman states:
‘Consideration of physical chemistry, predicts that acidic polymers located as capsular or 
external layers around cells must exert a profound influence on the traffic of charged 
molecules into and out of cells. ’
Costerton et al. (1981), a key worker in the field of bacterial polysaccharides, shares the 
same view of Dudman and remarks:
‘Bacteria in nature are surrounded by a thick, continuous, highly-ordered hydrated 
polyanionic polysaccharide matrix that must be expected to influence profoundly the 
access of molecules and ions to the cell wall and cytoplasmic membrane.’
In 1993, Hoyle et al., from studies on polysaccharide formation within biofilms of 
Pseudomonas aeruginosa, concluded that the production of these gels imposes a diffusion 
barrier on cells within the biofilm. These workers propose that the resultant environmental 
conditions within the gel stimulate the bacteria to adopt physiologies different from 
growth in a planktonic state. Hoyle and co-workers suggest that such phenotypic or even 
genotypic changes may include the adoption of a slower growth rate or the curtailing of 
polysaccharide production. The findings of Lawrence et al. (1994) from studies on the 
diffusion of dextrans through biofilms of Ps. fluorescens and Boyd and Chakrabarty 
(1995) from investigations on the role of alginate in Ps. aeruginosa biofilms, point to 
similar conclusions to Hoyle and co-workers.
More dramatic comments appear in the literature from Vandamme et al (1996) who 
describes exocellular microbial polysaccharides as ‘suicidal’ metabolites. Vandamme and 
co-workers argue that the presence of these polymers causes a diffusion barrier or mass 
transfer problem for the organism, in terms of the availability of nutrients and oxygen to 
the cell. Production of such metabolites is thus considered suicidal for the producer strain, 
although, these workers provided no experimental evidence to support their claim.
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In contrast to the comments of the above, Christensen (1989) argues:
‘The effects of capsular polysaccharides on diffusion, will depend on concentration and in 
most cases, the concentration of polymer is probably too low to be significant, although 
this has not been verified/
In a similar manner, Cooksey (1992) suggests that microbial polysaccharides may provide 
a barrier to the diffusion of nutrients and cellular products, but the degree to which 
diffusion is hampered may not be great.
Koch (1987) also argues, from theoretical considerations only, that the diffusion of both 
ionic and non-ionic species is little affected by the presence of a microbial polymer. Koch 
reasons that diffusion through a gel is limited only by the fi-action of the volume actually 
occupied with solids. Especially in gels, relative to solids, this fraction is small. 
Consequently, the area free for diffusion is large compared to the size of the permeant 
species. Thus, according to Koch and some prototype mathematics he presents, diffusion 
is impeded very little in a microbial polymer.
Other speculations as to the effect of microbial polymers on the diffusion of ions relate to 
the possibility of selective exclusion of ions by microbial polymers, based not on 
electrostatic processes, but on the effect of ions on the structure of water within the 
polymer layer around the cell. In biological systems and living cells, it is considered that 
water is more highly ordered than in simple solutions and water structure-promoting ions 
(such as Na% Li ,^ Ca^  ^ and Mg^^ tend to be excluded, whereas water structure- 
disordering ions (K ,^ Rb ,^ Cl", Cs  ^and Br") are not. Such a situation has been proposed to 
occur in microbial gels (Wiggins, 1971; Sigler, 1974).
Other workers have identified separate problems for microorganisms which are 
surrounded by a negatively-charged polymer layer. For example, Ellwood et al. (1982) 
have found that cations, specifically protons, under appropriate conditions, can be 
attracted to the fixed negative charges, leading to an accumulation of protons at the outer 
surface of the polymer layer. This results in a lower pH near the outer surface of the 
organism which may affect the physiology and/or the genetic expression of bacterial cells,
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either directly or by altering the transmembrane potential of bacteria. In support of this 
proposal, Slonczewski (1992) has demonstrated the presence of both acid- and alkali- 
inducible genes in various enteric bacteria.
Although very little quantitative information exists in the literature regarding the diffusion 
of ions through microbial polysaccharides, several workers have reported on the effect of 
these materials on the diffusion of uncharged molecules.
The work of Chenu and Roberson (1996) is particularly worthy of note. These workers 
investigated the influence of two commercially available bacterial polysaccharides, xanthan 
and dextran, on the diffusion of glucose as a function of polymer concentration. Not to 
their surprise, these polysaccharides were shown to significantly reduce the rate of glucose 
diffusion, relative to that in free water, even at very low polymer concentrations. Other 
workers have shown similar effects for a wide variety of polysaccharide solutions 
(Friedman, 1930; Hannoun and Stephanopoulos, 1986; Nguyen and Luong, 1986; Mignot 
and Junter, 1990). All these workers attribute their findings to two main mechanisms. In a 
dilute solution of polysaccharide, the presence of impermeable segments of the polymer 
considerably increases the path length for the diffusing solute. This is known as an 
obstruction or tortuosity effect (Westrin and Axelson, 1991). Additionally, the volume of 
water available for diffusion is reduced in a solution of polysaccharide to a fraction of the 
total volume, i.e. an exclusion eflTect occurs due to the concentrated polysaccharide 
material. In relation to the difihision of ions through microbial gels, both these mechanisms 
can be assumed to operate. But, in addition, as Chenu and Roberson point out, in the case 
of anionic polysaccharides, charge interactions must also be considered as controlling 
factors.
Several workers have investigated the influence of microbial polysaccharides on the 
diffusion of oxygen. For example, Tomlinson and Snaddon (1966) measured the diffusivity 
of oxygen through microbial slime and found the rate of oxygen diffusion to be roughly 
two-thirds the value for water. Matson and Characklis (1976) also found the rate of 
oxygen diffusion into a microbial film to be lower than in water by between 20-100%. 
More recently, Jensen and Revsbech (1989) showed the diffusion coefficient of oxygen
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through a microbial polymer to be only half that measured in an aqueous environment. 
Although, all these researchers accept that live, respiring organisms were present within 
the slime layer, thus acting as a sink, all propose that the polysaccharide layer itself 
imposed a barrier to the diffusion of this uncharged solute to the organism cell surface.
Although some workers have observed microbial polysaccharides to affect the diffusion of 
ions, the literature does lack information on the mechanisms involved and their 
significance to the growth of the organism, or organisms spatially associated with the 
microbe, such as plant roots.
1.10, The Diffusion of Ions through Soil
If microbial polymers are found to affect the diffusion of ions in the rhizosphere, in order 
to ascertain its significance to the growth of plants, this effect must be considered, 
theoretically at least, in relation to the diffusion of ions in soils.
It has been well documented that the diffusion coefficient of ions in soil is considerably 
lower than in free solution (Nye and Tinker, 1977). Reasons for this lower rate of 
diffusion in soil include, the smaller cross-sectional diffusion area, increases in tortuosity, 
adsorption of ions on charged surfaces, discontinuity of water films and changes in the 
proportions of free water near a particle surface.
Ions move through the soil predominantly by two mechanisms, mass flow and diffusion. 
Movement by mass flow occurs due to the effects of gravity, evaporation from the soil 
surface and plant transpiration. Movement by diffusion tends to occur over much smaller 
distances and thus is influenced by processes such as ion adsorption, exchange on charged 
surfaces and ion uptake by roots. An important consideration is the relative contribution of 
mass flow and diffusion to the movement of ions fi-om bulk soil to the root surface. Barber 
(1984), mainly from theoretical considerations, has reported that diffusion accounts for 
~20% of nitrate which reaches the root surface and ~92.5% of phosphate. However, mass 
flow is responsible for most of the copper, magnesium and sulphate which appears at the 
root surface. Barber concluded that transport by diffusion is of major influence to plant
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growth, especially if ionic concentrations are relatively low. As can be seen from Barber’s 
calculations, phosphate moves mainly to the root surface by diffrision. Barber (1962), 
Olsen et a l (1962) and Lewis and Quirk (1967) have also concluded that diffusion is the 
main mechanism of phosphate transport towards roots. More important than this, 
numerous workers have now established that the rate at which slow moving ions, such as 
phosphate, diffuse towards the root can be the rate limiting step in nutrient uptake. A 
number of studies clearly indicate that when plants are grown with an adequate supply of 
light, water and nutrients, and at a favourable temperature in finely sieved soil, the 
maximum rate of uptake of these ions approximates to the rate at which they could diffuse 
thr ough bulk soil to a ‘zero sink’ i.e. a rate of removal which causes their concentration 
to be negligible in soil adjacent to the sites of absorption (Barber, 1962; Passioura, 1963; 
Nye, 1966; Olsen and Kemper, 1968; Drew et a l, 1969; Nye and Tinker, 1969; Drew and 
Nye, 1969). Thus, in the light of these findings, if microbial polymers within the 
rhizosphere are found to behave cation selectively, the availability of important nutrient 
anions, such as phosphate, at the root surface may be significantly reduced.
Some of the most interesting theories on the diffusion of ions from bulk soil to the root 
surface have been developed by Jenny and Overstreet (1939). These workers developed 
the contact exchange theory, completely independently of, but in parallel to Sollner’s 
permselectivity theory. It describes, ultimately, a mechanism for the uptake of ions by 
plants without the participation of ions in solution. It was deduced from theoretical 
considerations concerning the nature of ionic surfaces. Specifically, it rests on the concept 
of overlapping oscillation spaces of absorbed ions, or on ion redistribution within 
intermingling electric double layers. In applying the idea of contact exchange to the 
mineral nutrition of plants in soils, it is postulated that ion swarms on the root and soil 
particles intermingle and by an exchange mechanism, the plant acquires nutrient ions.
Again, independently, but around the same time as Sollner and Jenny and Overstreet, 
several workers in the field of ion-exchange resins developed theories for the dififijsion of 
counterions through charged polymer layers (Schlogl, 1953; Despic and Hills, 1957; 
Meares, 1958). Although this group of workers tended to call the process of counterion 
transport, ‘chain diffusion’ and not ‘contact exchange’ like Jenny and Overstreet, the
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principles of their theories are essentially the same. However, researchers in the ion- 
exchange field put foi-ward additional ideas. For instance, Jakubovic et a l (1958) and 
Alfrey et a l (1951) suggested that it is relatively easy for the counterion to diffuse in a 
direction parallel to the polymer chain axes because they remain within the cylindrical shell 
in which their electrostatic potential is low. However, every so-offen a counterion may 
need to ‘jump’ from one chain’s atmosphere to another, and in doing so must surmount 
the intervening electrostatic potential barrier in the direction of diffusion. This process 
they called ‘volume diffusion’. It was also proposed that volume diffusion becomes more 
thermodynamically difficult as the polymer concentration decreases and the chains move 
further apart from one another. Thus, according to these workers, the fastest rates of 
counterion transport in these ion-exchange resins (functionally analagous to cation 
selective polymer layers) occur at higher polymer concentrations.
Subsequent to the development of the contact exchange theory, Jenny (1966) published a 
classic paper on pathways of ions fi-om soil to the root surface according to diffusion 
models. This work was purely theoretical and no experimental evidence was presented. 
Jenny modelled ion fluxes through various components of the soil-root system. Thus, ion 
diffusion through clay pastes, acidic mucigel, neutral mucigel and soil solution was 
examined. Figure 1.4 shows some ionic profiles which Jenny obtained. The graph shows 
how the concentration of cation (KQ, diffusing through two soil components, firom left to 
right, changes with distance. The left and right side of the graph represent each soil 
component. The interface between these two components is indicated at x = 0. Thus, the 
solid line, represents the change in concentration of cation through a clay layer on the left 
side, into an acidic mucigel layer on the right side. As can be seen from this line, little 
change in concentration occurs at the clay-acidic mucigel interface. However, consider the 
thick dashed line which represents the change in concentration of cation through a clay 
layer into a neutral mucigel. Here, a dramatic reduction in concentration appears at the 
interface x = 0. This occurs because neutral mucigel does not have the high cation 
transport properties which acidic mucigel possesses. A similar situation occurs in relation 
to the thin dotted line. Here, the cations are diffusing fi-om soil solution to an acidic 
mucigel layer. The sharp increase in concentration at x = 0 is due to the a priori high 
content of cation held by the acidic groups of the mucigel.
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Figure 1.4. Concentration profiles of diffusion through two-component systems. 
Reproduced from Jenny (1966). Solid line = clay (Cl) -> acidic mucigeL(Mx); thick 
dashed line = clay (Cl) -> neutral mucigel (Mf); thin dashed line = soil solution (Sc) 
acidic mucigel (Mx).
From the results obtained by Jenny the following conclusions can be drawn concerning the 
diffusion of ions through various soil components to the root surface:
1. The high transport rate of cations which occurs through clay and acidic mucigel layers 
is caused by the contact exchange process, i.e. cations diffuse faster through these 
layers than in fi-ee solution (incidentally, this is also one of the features of Sollner’s 
cation selective layers).
2. Different rates of cation diffusion occur through various soil components.
3. Cations can diffuse through the acidic mucigel and clay layers but anions cannot due to 
electrostatic repulsion by the negatively-charged groups on the clay and mucigel pore 
walls. No theoretical evidence was presented to support this, but it was suggested by 
Jenny that it should occur.
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Subsequent to Jenny’s work (1966), Ramamoorthy and Leppard (1977), from 
observations on the fibrillar structure of the mucigel, suggested that nutrient cations may 
diffuse to the root surface by the process of contact exchange, from soil particles through 
the mucigel to the root. Nambier (1976) also proposed that nutrient cations could be 
acquired by plants by the process of contact exchange through the mucigel layer. Nambier 
arrived at this conclusion from studies on ®^Zn^  ^uptake by a range of agricultural crops. It 
was observed that even when plants were grown in conditions of low water potential, 
significant amounts of ^^ Zn^  ^ were absorbed by roots surrounded with mucigel. 
Considering that one of the main features of cation selective layers is the rapid diffusion of 
cations (see Section 1.8.1), all the above studies suggest that mucigel layers may behave 
cation selectively, thus restricting the diffusion of anions. More recently, Olesen et al. 
(1997) have provided evidence that the addition of carbohydrate materials to soil causes a 
reduction in anion diffusivity. These workers found that the amount of chloride diffusing 
through a sandy soil was significantly reduced as a result of the addition of 17% cattle 
manure. It is likely that such material comprises a considerable amount of polysaccharides 
and thus restrict the diffusion of anions through the soil by cation selectivity. It is pertinent 
to note that Olesen and co-workers did not propose such an explanation.
As is suggested from Jenny’s work (1966), clays may behave cation selectively by their 
ability to transport cations at relatively high rates. However, in contrast to the mucigel 
layer, other evidence does exist in the literature which suggests that clays may behave 
cation selectively by their ability to repulse anions. The repulsion of anions into the soil 
solution, as a consequence of the fixed negative charges on clay surfaces, has been well 
documented. This phenomenon is known as anion exclusion and has been an accepted 
term in soil science since the 1960s. Anion exclusion in soils is believed to occur as a 
consequence of the mass flow of ions down the soil profile, through water films on clay 
surfaces. Cations can interact with the diffuse double layers which form on clay particles, 
but anions are repulsed out of the more tightly bound water films into free solution. As a 
result, anions move down the soil profile ahead of cations.
The theory of anion exclusion in clay soils was first described by Kemper (1960) and 
subsequently developed by de Haan (1964) and Bolt and de Haan (1965). Since then,
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several workers have described the anion-exclusive effects of clays in certain soil systems. 
For example, Slavich and Petterson (1993) described how anion-exclusive effects can 
result in inaccuracies in estimates on the chloride content of soil solutions. They showed 
that the conventional extraction methods of soil solution did not account for chloride 
which had moved down the soil horizons, ahead of the soil sample, as a result of repulsion 
from clay particles. Slavich and Peterson concluded that the extent of anion exclusion 
which occurs in a soil depends on the clay content, surface area and charge density and the 
ionic concentration of the soil solution. Hatano et al. (1993) has developed an interesting 
technique to quantify the degree of anion-exclusive behaviour of a soil. This is achieved by 
a combination of practical and theoretical measurements of the cation exchange capacities, 
surface areas and distances between surfaces of the various mineral components of the 
soil. From these data, an estimate of the anion-exclusional water volume in the soil can be 
derived. This seems an excellent approach to adopt in the case of microbial polymers. 
However, it is less easy to apply in the case of polysaccharides, where the surface area 
most likely changes qualitatively and quantitatively in time and space.
Finally, the mechanism which results in anion exclusion, i.e. the repulsion of anions by the 
electrostatic fields of the fixed negative charges on clay surfaces, is essentially the same as 
the mechanism resulting in cation selectivity in polysaccharide layers (Sollner, 1958). 
Because of this, the terms cation selectivity and anion exclusion are interchangeable. As 
this thesis is ultimately concerned with the diffusion of ions in a soil environment, the term 
anion exclusion has been chosen instead of cation selectivity, as it is an already accepted 
term in soil science. Thus, polysaccharide layers which restrict the diffusion of anions but 
allow the diffusion of cations are, from this point on, termed anion-exclusive.
1.11. Thesis Objectives
The primary aims of this thesis can now be described:
1. To produce, isolate and purify a range of chemically diverse polysaccharides from the 
culture of rhizosphere microorganisms under laboratory conditions. For convenience 
and in order to obtain sufficient material for use in further work, exocellular and not 
capsular polysaccharides were extracted and purified from the spent media.
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2. To chemically characterise these laboratory-produced polymer samples together with a 
selection of commercial polysaccharides in terms of functional groups proposed to 
affect the ion-transport properties of microbial gels. Xanthan was included at this 
stage, and proceeded to function throughout this thesis as a ‘model’ microbial 
polysaccharide, mainly due its large-scale availability in a relatively purified form and 
wealth of available knowledge on the structure and behaviour of this polysaccharide in 
solution.
3. To develop a simple technique whereby the ion-exclusive behaviour of microbial 
polymers can be demonstrated under model conditions. The development of this 
method forms an important component of this thesis as it represents a novel approach 
to the study of ion transport in microbial polysaccharides.
4. To ultilise the developed technique to assess the ion-exclusive behaviour of a range of 
chemically diverse natural and laboratory-produced microbial polysaccharides. The 
influence of physical parameters, such as polymer concentration and layer thickness, 
and chemical parameters, such as the presence of particular substituent groups, on the 
anion-exclusive behaviour of xanthan is assessed in this section.
5. To verify the developed methodology by assessment of the ion-transport properties of 
xanthan by a different technique. In addition, the ability of this ‘model’ microbial 
polysaccharide to exclude anions in a range of ionic environments is assessed.
6. To investigate the functional significance of anion exclusion in a real rhizosphere 
environment. Experiments are conducted to assess the effect of the presence of 
xanthan in the rhizosphere on plant growth. The anion-exclusive properties of 
naturally-produced gels are also investigated fi'om polysaccharides extracted from bulk 
soil, the rhizosphere and the root surface of pea.
7. Finally, in an attempt to ascertain why microbial polysaccharides possess paiticular 
ion-exclusive properties, the water transport properties of a range of microbial 
polysaccharides are compared. The possibility of a direct link between the anion- 
exclusive and water transport properties of xanthan is investigated.
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CHAPTER 2 
Polymer Production and Microbial Growth
2.1. Introduction
The overall objective of the experiments presented in this chapter was to obtain a range of 
polysaccharide samples, produced by a variety of microorganisms commonly isolated from 
a rhizosphere environment. The polymer samples extracted from the growth medium were 
then available for use in studies on ion diffusion and water transport. In order to ensure 
enough material was produced, all organisms were grown under laboratory conditions. 
Although some may argue the polymer samples thus obtained may not necessarily possess 
exactly the same chemical and/or physical properties as those found around the root, 
growth under controlled conditions ensured that sufficient polysaccharide material could 
be collected, reproducibly, for use in a variety of further studies.
The experiments detailed also aimed to investigate the relationship between polysaccharide 
production and microbial growth. Thus, for future work, times of growth for maximal 
polymer production could be identified and those organisms which produced most 
polysaccharide per unit biomass selected. The possibility of polymer production being 
directly linked to growth was also assessed by application of the Luedeking and Piret 
(1959) model.
Finally, those microorganisms which produced the greatest amounts polysaccharide 
material were selected and grown using a range of culture methods in an attempt to 
enhance polysaccharide production further and study the effect of growth conditions on 
polymer production.
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2.2. Production of Polysaccharide by a Range of Microorganisms and 
Microbial Growth
2.2.1. Experimental
2.2.1.1. Growth of Microorganisms
The five microorganisms listed in Table 2.1 were grown on their corresponding 
maintenance media and inoculated, to a final concentration of 1 x 1 0  ^cells/ml, into 30 ml of 
appropriate growth media, in 250 ml Erlenmeyer flasks. The organisms were then grown 
at 25°C, pH 6 . 8  for 96 h, shaken at 220 rpm. At 6  or 12 hourly intervals, three flasks were 
removed per organism and the contents centrifuged at 30,000 g for 30 min. The resulting 
supernatants were reserved for extraction of polysaccharide. The cell pellets were freeze 
dried, weighed and the data used to construct a set of growth curves for all 
microorganisms under study.
M ICROORGANISM SOURCE MAINTENANCE 
M EDIUM *
GRO W TH MEDIUM '
Enterobacter cloacae (C2/4) decomposing wheat straw 
(Chapman and Lynch, 1985)
peptone glucose agar peptone glucose medium
Enterobacter cloacae (L I/14) decomposing wheat straw 
(Chapman and Lynch, 1985)
peptone glucose agar peptone malt fructose 
medium
Azotobacter chroococciim Soil
(Harper and Lynch, 1979)
according to Harper and 
Lynch (1979) + 1.5% agar
according to Harper and 
Lynch (1979)
Pseudomonas jluorescens 
(SBW25)
leaves o f  sugar beet 
(De Lelj et al., 1995)
according to Roberson and 
Firestone (1992) +  1.5% agar
according to Roberson 
and Firestone (1992)
Trichoderrna harzlamim IM I275950 malt yeast glucose agar Czapek dox liquid medium 
+ 0.5% peptone
' - see Appendix for details
Table 2.1. List of microorganisms under study with corresponding 
maintenance and growth media.
2.2.I.2. Extraction and Purification of Polysaccharide
Extracellular polysaccharide (EPS) was extracted as follows, according to the method of 
Kennedy & Sutherland (1987). Double volumes of cold acetone (4°C) were added to the 
supernatants and the polysaccharide left to precipitate for 24 h at 4°C. Precipitated 
polymer was then separated from the solvent by centrifugation for 15 mins. at 30,000 g, 
redissolved in a small volume of distilled water and the precipitation procedure repeated. 
The final precipitate was redissolved in distilled water and purified by dialysing against
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running tap water for 24 h followed by ‘Milli-Q’ water for 12-18 h. The dialysate was 
spun at 100,000 xg for 2.5 h to remove cellular debris, and the supernatant lyophilised. 
Each polymer sample was then rehydrated in 4 ml of sterile ‘Milli-Q’ water and assayed 
for total carbohydrate content using the phenol/sulphuric acid procedure as described 
below.
2.2.1.3. Phenol/Sulphuric Acid Assay for Total Carbohydrate
The amount of total carbohydrate was determined according to the method of Dubois et 
al (1956).
Reagents
5% aqueous phenol 
Cone. H2 SO4
Standard: ‘Analar’ glucose (1000 pg/ml)
Method
2 0 0  pi of phenol was added to 2 0 0  pi of test solution containing 0 - 2 0 0  pg/ml 
carbohydrate. After mixing, 1 ml of H2SO4 was added. The solutions were left for 15 min. 
at room temperature before the absorbance was measured at 490 nm on a Pye Unicam 
SP8-400 UVATIS spectrophotometer.
2.2.2. Analysis
2.2.2.I. Growth and Polymer Production Curves
The growth curves and polysaccharide production data were each fitted using a partial (or 
smoothing) cubic spline function. A conventional cubic spline is a piece-wise continuous 
function consisting of cubic polynomial segments that join at points. In this case, a 
smoothing or partial cubic spline was employed which does not go through all the points 
and uses a fit factor that determines how close the points are to the curve. A spline 
function was applied as it permits, by the best approximation, differentiation of the 
experimental data to yield growth and polymer production rates. This facilitated a closer 
examination of the kinetics of microbial growth and polymer production and permitted 
application of the Luedeking and Piret model.
53
2.2.2.2. Luedeking and Piret Model
The relationship between the kinetics of microbial growth and polymer production in batch 
culture may be determined using the Luedeking and Piret model (1959). This model was 
based on data obtained from a study of lactic acid production by Lactobacillus delbrueckii 
in batch fermentation. Essentially, the model plots the growth and product formation rates 
(in this case, polysaccharide) against each other, as specific rates, i.e. divided by the 
biomass at that time. For conforming data, this results in a straight line with the equation:
'  1 — I\d ty  \ N y \ d t +J3 [2.1]
Where: N is the biomass at a given time, p  is the mass of product (polymer) formed and a  
and p  are fitting parameters.
Essentially, the model proposes that product formation (in this case, polysaccharide) is a 
function of both biomass and the rate of bacterial growth. Such a relationship is deemed 
characteristic of a primary metabolite and for conforming data, indicates that not only is 
formation of the product growth-associated but also a direct function of biomass and 
growth rate only.
The Luedeking and Piret model was applied to the data obtained for each microorganism 
under study, and a correlation coefficient from linear regression analysis recorded to assess 
how well the experimental data fitted the model.
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2.2.3. Results and Discussion
Figure 2.1. Relationship between biomass and extracellular polysaccharide (EPS) 
production for a range of rhizosphere microorganisms.
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(2.1, c) E. cloacae (Ll/14)
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With reference to Figure 2.1 clear differences can be seen in the maximum amount of 
polymer produced by each microorganism under study. Those polymers synthesised by Ps. 
fluorescens (SBW25), T. harzianum and E. cloacae (Ll/14) were produced in much 
lower quantities (up to ~11 pg/ml medium) compared to those produced by A. 
chroococcum and E. cloacae (C2/4) (up to ~ 1  mg/ml medium). The ability of Azotobacter 
species to produce high yields of polysaccharide in liquid culture was also reported by 
Jarman and Pace (1984) and Sutherland (1985) who isolated comparable amounts from 
liquid culture. In addition, Chao and Chen (1991) reported similarly low yields of 
extracellular polysaccharide to those obtained here from a Pseudomonas sp. grown in 
liquid culture.
The results shown in Figure 2.1 also indicate that the maximum amount of biomass 
produced in each culture after 96 h varies much less than polysaccharide production 
between each organism.
The media chosen for this study were selected for their high C:N ratios, which is known to 
stimulate polysaccharide production in many bacteria. This view is supported by the work 
of Duguid & Wilkinson (1953) and Wilkinson (1958) on Aerobacter aerogenes who
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obtained the highest polymer production when the medium contained a high level of sugar 
and a low level of N, P, S or K. The ratio of polysaccharide produced to cell yield was 
greatest for N or P deficiency, lower for S and lower still for K. Other studies have also 
noted that a high C:N ratio favours polymer production (de Souza & Sutherland, 1994; 
Tait et ah, 1986; Dudman, 1964 and Huang et ah, 1994; Wardell & Chamberlain, 1995). 
However, Bonet et a l (1993), from studies on polysaccharide production by Aeromonas 
salmonicida in liquid culture, found that extracellular polymer production was not 
dependent on the C:N ratio of the medium, but more the initial concentration of available 
carbon and nitrogen present. In general, although an increase in carbon may promote 
polysaccharide production it may also result in a decrease in intrinsic viscosity and 
molecular weight of the polysaccharide, as reported by Geoghegan and Brian (1948) fi*om 
studies on levan production by Bacillus subtilis.
The stimulation of polymer production by growth on a high C:N medium may be a typical 
response of polysaccharide-producing microbes which synthesise polymer fi-om low 
molecular weight intermediates by the use of metabolic pathways that are also used for the 
synthesis of essential cell substance. The work of Linton et ah (1987) supports this view 
from studies on polysaccharide production from glucose by Agrobacterium radiobacter. 
Optimal polymer production occurred under N limitation at growth rates 10-30% of the 
maximum specific growth rate, thus excess carbon was being u tilised for polymer 
production. Further to this, Deavin et ah (1977), studying polysaccharide production by 
Azotobacter vinelcmdii, noted that at high respiration rates the amount of polymer 
produced fell, due to more carbohydrate substrate being converted to CO2  Such work is 
in accordance with the view of shared metabolic pathways.
The ability of microorganisms to rid their immediate environment of excess available 
carbon by the production of polysaccharide may be an important reason for the stimulation 
of polymer production in a high C:N environment. Williams et ah (1996) concluded, from 
studies on polymer production by Pseudomonas aeruginosa, that microorganisms possess 
little ability to regulate their intake of carbon in high C:N environments. Thus, both in 
order to overcome the potentially deleterious osmotic effects of accumulating excess 
intracellular metabolites and to consume the surplus ATP generated by the oxidation of
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these metabolites, organisms increase their rate of extracellular polysaccharide production. 
Of course, other mechanisms have also been identified by which microorganisms rid their 
environment of excess available carbon, such as the production of PHA 
(polyhydroxyalkanoate), an osmotically inactive intracellular product, or an increase in the 
extracellular production of low ATP yielding metabolites of carbon substrates, such as 2- 
ketogluconate (Williams e/a/., 1996).
Figure 2.1 shows the experimental data for biomass and polymer production as a function 
of fermentation time for each of the microorganisms studied. The Figure also includes 
partial cubic spline fits to the experimental points. For every set of data, the cubic spline fit 
factor used was ^70%. For each organism studied, by comparing the growth and 
corresponding polymer production curves, it is clear that the two are related. This is 
especially true for Ps. fluorescens (SBW25) and two E. cloacae strains where 
polysaccharide production appears to parallel the growth of the organism. Such a 
relationship between microbial growth and polymer production has been reported for 
numerous other organisms including: Acetobacter spp. (Dudman, 1960); Arthrobacter 
viscosus (Cadmus et al., 1963), Azotobacter vinelandii (Vermani et al., 1997) and 
Pseudomonas aeruginosa (Mian et al., 1978). However, fi'om the results reported here, 
such a relationship is not so clear for A. chroococcum, where polysaccharide is not 
produced until relatively late in the logarithmic phase. A similar disparity between polymer 
production and microbial growth was also reported by Duguid & Wilkinson (1953) for 
Enterobacter aerogenes and Williams and Wimpenny (1977) for a Pseudomonas sp. 
Manzoni et al. (1996) also reported a slightly skewed relationship between growth and 
polysaccharide production for Escherichia coli grown in liquid culture, where the 
maximum cell biomass was reached at 8  h fermentation but the maximum polymer yield 
was recorded at 2 0  h.
The data obtained fi'om the fungus, T. harzianum, suggest a somewhat less direct 
relationship than that obtained fi'om the bacteria. Here growth oiewy be diauxic and 
extracellular polysaccharide is first detected just before the second carbon source is 
ultilised. It is interesting to note that some kind of correlation between growth and 
polysaccharide production may not be restricted to just fungi and bacteria. For example,
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Bhosle et al. (1995) from studies on extracellular polysaccharide production by the diatom 
Navicula subinflata in liquid culture also observed a clear relationship between growth 
and polymer production. Although late in the stationary phase, polymer production 
appeared to be somewhat enhanced, possibly triggered by nitrate and silicate starvation.
The observed linkage between growth and polymer production found for the 
microorganisms under study is reflected in Figure 2.2 which show the rates of both 
biomass formation and polysaccharide production. The maximum growth and production 
rates are relatively close to each other in time, for all organisms under study, except E. 
cloacae (Ll/14), where the maximum polymer production rate appears very early in the 
growth cycle, ~18 h before the maximum growth rate. In general, all the data sets shown 
in Figure 2.2, together with the growth and polymer production curves in Figure 2.1, 
implicate microbial polysaccharide as a primary metabolite, being produced throughout the 
growth cycle, especially at times when the growth rate is high.
Figure 2.2. The relationship between growth rate and extracellular polysaccharide (EPS) 
production rate for a range of rhizosphere microorganisms.
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It is interesting to note that several workers have reported that the pH of the medium can 
affect the time at which maximal polysaccharide is produced. All media in this study were 
set at a pH of 6 .8 . However, Mozzi et al. (1996) found that in the case of polymer 
production by Lactobacillus casei, if the pH was set at an initial value of 4.0 and not 6.0, 
the polymer content of the medium reached a maximum earlier in the growth cycle. Mozzi 
and co-workers claim that this effect may be due to the activation of certain degrading 
agents at higher pH values, such as glycohydrolases, that are capable of degrading the 
polymer. This possibility was also suggested by Macura and Townsley (1984) and Ceming 
et al (1988). Such possible effects have not been considered in this study, but it is 
acknowledged that the optimal pH for polysaccharide production for each organism may 
not have been used.
Table 2.2 shows the correlation coefficients (/■ values) obtained by fitting the experimental 
data to the Luedeking and Piret model.
MICROORGANISM CORRELATION COEFFICIENT (r)
E. cloacae (C2/4) -0.5
E. cloacae (LI/14) 0.991
Ps. fluorescens (SBW25) 0.969
A. chroococcum 0.188
T hat'zianum -0.439
Table 2.2. Correlation coefficient if) values obtained by fitting experimental data to the 
Luedeking and Piret model for a range of polysaccharide producing microorganisms.
As can be seen from the Table, only data obtained from E. cloacae (Ll/14) and Ps. 
fluorescens (SBW25) appear to produce respectable fits to the model with r values >0.9. 
The other data sets give r coefficients which suggest very little correlation between the 
specific growth and polymer production rates. Although one of the data sets relates to the 
growth of a fungus, Trichoderrna harzianum, Luedeking and Piret do not suggest that 
their model applies exclusively to bacterial growth and metabolite production kinetics. The 
inability to apply three out of five data sets to the Luedeking and Piret model suggests that
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in general, polymer production is not directly related to the biomass and growth rate but to 
some other function or combination. Interestingly, the Luedeking and Piret model has been 
more successfully applied to the kinetics of xanthan production by Xanthomonas 
campestris in batch fermentation. Under oxygen limitation, Peters et al. (1988) found a 
linear relationship, between the specific polysaccharide production rate and the specific 
oxygen uptake rate. This report further supports the findings detailed here, suggesting that 
polysaccharide production is not a direct function of just the biomass and growth rate.
Due to the abundance of reports in the literature on the extraction and isolation of 
microbial polysaccharides from culture media, it is considered appropriate to briefly 
comment on the chosen method of extraction and purification used in this study. The 
standard method of extraction of polysaccharide material fi'om spent media is by 
precipitation through the use of several volumes of cold organic solvent (Boyle and Reade, 
1983). This procedure is relatively simple and typically results in high yields of relatively 
clean polysaccharide material. However, Sutherland (1972) reported that greater yields 
could be extracted by the addition of strong salt solutions to supernatants prior to 
precipitation. According to Sutherland, the addition of salts serves to lower the solubility 
of the EPS in the spent medium either by compressing the electrical double layers within 
the polymer matrix or by effectively ‘salting out’ the polysaccharide from solution. 
However, the addition of salts prior to extraction inevitably results in a polysaccharide 
with a high level of salt contamination, which must then be thoroughly purified. Other 
methods reported in the literature used to extract polysaccharides fi’om media include the 
use of ammonium hydroxide (Pavoni et al., 1972), sodium hydroxide (Tezuka, 1973), 
EDTA (Nishikawa and Kuriyama, 1968), sulphuric acid (Sandford and Conrad, 1966) and 
trichloroacetic acid (Davies, 1955). As several workers have reported that precipitation by 
the addition of organic solvent is the most productive method (Bodie et al., 1985; Fett et 
al., 1989), this procedure was employed in this study. However, it is acknowledged, as 
suggested by Dugan and Pickrum (1972), that extraction of polysaccharide from spent 
media by any method may alter the physical properties of the gel, and thus its interaction 
with ions and water.
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Further purification of polysaccharide was achieved in this study by extensive dialysis to 
remove low molecular weight materials, followed by ultracentrifugation to remove larger 
cellular debris. However, other purification methods do exist in the literature. For 
example, Manzoni et al. (1996) achieved purification of an extracted polysaccharide 
produced by Escherichia coli by enzymic deproteinization through the use of a fimgal 
protease. The use of dialysis tubing, for removal of excess ions and low molecular weight 
molecules, is important and is ultilised in the purification of polymers for many of the 
studies reported within this thesis. However, it is appropriate to note at this point, the 
comments of some workers (Muller et al., 1960; Swincer et al., 1968), who have found 
that a significant proportion of polysaccharide actually sorbs onto the tubing and is thus 
irrecoverable. For the purposes of the studies presented here, this loss is acknowledged.
In summary, this study clearly indicates differences in the amounts of microbial polymer 
produced in batch culture between rhizosphere microorganisms. From the range of 
organisms studied, the bacteria A. chroococcum and E. cloacae (C2/4) appear to produce 
the highest yields of polymer on a specified medium in a given period of time. These 
organisms, and the extracellular polysaccharides they produce were therefore chosen for 
further study.
Data obtained on the growth and amounts of polysaccharide produced by each 
microorganism as a function of fermentation time, revealed a distinct relationship between 
polymer production and microbial growth. From the results obtained in this study, it 
would appear that microbial extracellular polysaccharide is a primary metabolite as 
production occurs throughout the growth cycle. However, attempts to apply the 
experimental data to the Luedeking and Piret model, in general, failed. This suggests that 
microbial polysaccharide is not a direct, but complex function of biomass and growth in 
culture.
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2.3. Effect of Culture Method on the Production of Polysaccharide by 
Enterobacter cloacae (C2/4) and Azotobacter chroococcum
2.3.1. Experimental
Cultures of Enterobacter cloacae (C2/4) and Azotobacter chroococcum were grown on 
their corresponding maintenance media, as detailed in Table 2.1. Both microorganisms 
were cultured on agar plates, in shake flasks and by batch fermentation (with and without 
O2 ; air sparge rates 3 1/min. and <0.5 1/min., respectively), as described below. After 72 h 
growth, biomass and extracellular polysaccharide (EPS) were extracted fi'om the spent 
media and the amounts of biomass (mg/ml medium), polysaccharide (mg/ml medium) and 
specific polysaccharide (mg/mg dry wt. biomass) produced, were compared between 
culture methods.
In every case, biomass was extracted firom the medium by centrifugation at 30,000 g for 
30 min. The resulting cell pellet was then lyophilised and the dry weight recorded.
The EPS content of the medium was extracted and purified from the supernatant of the 
above centrifugation step by the addition of cold acetone, as described in Section 2.2.1.2. 
The total carbohydrate content of each extracted sample was quantified using the 
phenol/sulphuric acid assay, as detailed in Section 2.2.1.3.
2.3.1.1. Growth on Agar Plates
For each microorganism under study, seven circular (internal diameter 8.5 cm), single- 
vented, polystyrene Petri dishes, each containing 20 ml of the appropriate maintenance 
medium, were inoculated to give a final concentration of 1 x 1 0  ^ cells/ml. All plates were 
incubated at 25 °C for 72 h. After this time, the biomass and associated polysaccharide 
material produced on the surface of each plate were gently removed with a clean sterile 
spreader. This material was diluted to a volume of 30 ml with sterile distilled water and 
thoroughly dispersed. The biomass and EPS were then extracted fi'om this solution.
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2.3.1.2. Growth in Shake Flasks
Each bacterium was inoculated, to give a final concentration of 1x10  ^cells/ml, into 30 ml 
of appropriate growth medium (see Table 2.1) contained in 250 ml Erlenmeyer flasks. 
Seven flasks were inoculated per microorganism. The bacteria were then grown at 25°C, 
pH 6.8 for 72 h on an orbital shaker, rotating at 220 rpm. After this time, the biomass and 
EPS was extracted from the medium, as described above.
2 3.1.3. Batch Fermentation (with and withont O2)
A Braun Biolab CP fermenter system was set up, with a sterile 2 1 culture vessel. Figure 
2.2 shows arrangement of the various components used within the culture vessel.
Air filter
Exhaust condenser
Air filter
Steel plate
Spaiger
Heater bar
Temperature sensor
Culture vessel Impeller
Figure 2.2. Braun Biolab CP fermenter vessel.
For each batch fermentation, the culture vessel was aseptically filled with 1.5 1 of sterile 
growth medium, appropriate for the bacterium under culture (see Table 2.1), The medium
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was then inoculated, to give a final concentration of 1x10  ^cells/ml. The culture was set to 
run for 72 h, at 25°C, with a stirrer speed of 750 rpm. The pH of the medium was initially 
set at 6.8 and was not controlled during fermentation. In order to investigate the effect of 
oxygenation on the production of biomass and EPS for each microorganism under study, 
the fermentation was repeated three times at each of two contrasting air sparge rates of 3 
1/min. (with O2 ) and <0.5 1/min. (without O2). After 72 h growth, seven 30 ml samples 
were removed from the culture vessel and biomass and EPS extracted from the spent 
medium as described previously.
2.3.2. Results and Discussion
Figure 2.3 shows the effect of culture method on growth of the two bacteria under 
investigation.
2
1.8
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I  1.4 % 1-2o
g 1
% 0.8
Eoin 0.60.4
0.2
0
E. cloacae (C2/4) 
A. chroococcum
Agar Shake flask Batch 
fermentation + O2 
Culture method
Batch
fermentation
-O2
Figure 2.3. Effect of culture method on the growth of 
E. cloacae (C2/4) and A. chroococcum.
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In the case of E. cloacae (C2/4), the organism produced the greatest quantities of biomass 
when grown in batch fermentation with O2  and the least amounts when grown on an agar 
plate, possibly due to a decrease in the availability of O2  and restriction on the diftusion of 
nutrients in the latter method. In batch fermentation the absence of O2  significantly 
reduced the amount of biomass produced by ~58%. Under the methods tested, these data 
suggest an aerobic metabolism for E. cloacae (C2/4). A. chroococcum also produced the 
lowest amount of biomass when grown on an agar plate, probably for the same reason, but 
in contrast to E. cloacae (C2/4), produced the highest amounts of biomass when grown in 
shake flasks. Reasons for this are not obvious, as the growth conditions may be improved 
in batch fermentation, due to the increase in dispersion of media, as a result of the 
presence of an impeller rotating at high speed, and direct oxygenation by the presence of a 
sparger. Yet, A. chroococcum produced more biomass when grown under the probable 
Oz-limiting conditions of shake flask culture relative to the oxygenated batch fermentation. 
However, it may well be the case that A, chroococcum, is relatively insensitive to increases 
in the availability of O2 , in fact this organism may grow better in conditions of low O2  
tension. The insignificant difference in the amount of biomass produced by A. 
chroococcum in batch fermentation in the presence and absence of O2  certainly supports 
this hypothesis. The observation of enhanced biomass production as a result of growth 
under 0 2 -limiting conditions is an important one, as typically, the literature indicates that 
high levels of oxygenation favour polysaccharide production as well as growth. In Support 
0 :^  these findings. Postgate and Hill (1979) have indicated A. chroococcum to be a 
microaerophile.
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Figure 2.4. Effect of culture methods on EPS production 
by E. cloacae (C2/4) and A. chroococcum.
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With reference to Figure 2.4, the effect of culture method on the production of 
extracellular polysaccharide by each organism appears dramatic. In relation to A. 
chroococcum significantly more EPS was produced, when grown in batch fermentation 
without O2 compared to growth in batch fermentation with O2 This result indicates that 
EPS production by A. chroococcum is relatively unaffected by changes in the O2 content 
of the immediate environment. In addition, the data suggests that polysaccharide 
production is enhanced in a relatively O2  depleted environment. Similarly, Dudman (1964) 
reported that optimal yields of polysaccharide produced by Rhizobium meliloti were 
obtained in low aeration conditions. However, in relation to the results obtained here, if 
maximal EPS production by A. chroococcum is achieved exclusively at low O2 tensions, 
one might expect the levels of EPS production on agar plates to be higher for A. 
chroococcum than observed, as several workers have reported a relatively anaerobic 
environment within surface-grown colonies, especially, deep within the polymer matrix 
(Bunjay et al., 1969; Patel and Bott, 1991). Nevertheless, it is quite possible that in the 
case of growth on agar plates, the lack of EPS production is due to a response of growing 
on a surface and not directly related to the availability of O2 to the cells. Several reports 
exist in the literature which indicate that growth on a surface compared with growth in the
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aqueous phase, actually stimulates polysaccharide production. For example, Humphrey et 
al. (1979) reported that the gliding bacterium Flexibacter (now Cytophaga) BH3 failed to 
form EPS in liquid media but formed copious quantities on agar media. Vandevivere and 
Kirchman (1993) also reported that EPS production increased with attachment of bacteria 
to a solid surface and that this response was a physiological adaptation to growth on a 
surface, as reinoculation of the bacteria into liquid medium resulted in a reduction of EPS 
production to the level previously found in planktonic cells. Abu et al. (1991) and Beech 
et a/. (1991) also provide evidence that bacteria produce more polysaccharide per unit cell 
from growth as a biofilm on a surface compared with growth as a suspension in a aqueous 
environment. Allison et al. (1991) and Davies et al. (1993) observed an increase in the 
production of alginate by Pseudomonas aeruginosa as a result of growth on a surface 
compared with growth in the aqueous phase. Interestingly, Davies and co-workers 
hypothesised this increase in polymer production may be a response to a reduced 
availability of water on a surface compared to growth in the planktonic phase. In support 
of the work of Davies et al.. May et al. (1991) found that transcription of a critical 
alginate biosynthesis gene, algD, in Ps. aeruginosa is triggered by environmental stresses, 
such as low water availability. The possible importance of EPS production to the survival 
of microorganisms in conditions of low water potential is an important one and forms the 
focus of studies reported in Chapter 7. A revealing study was conducted by Ross et al., 
(1991) on EPS production by Ps. aeruginosa. These workers found that growth on an 
agar surface produced high levels of polysaccharide, whereas the bacterium produced no 
slime fi'om growth on a dialysis membrane, with a molecular cut-off of 30-50 KDa. When 
the organism was cultured on a dialysis membrane with a lower molecular weight cut-off, 
polysaccharide production commenced again. These observations suggested that a lack of 
diffusion of molecules between 30-50 KDa in size, acts as a signalling mechanism to 
switch off EPS production. This interpretation is also supported by the findings of 
Wrangstadh et al. (1990).
All the aforementioned workers conclude that bacteria can ‘sense’ the presence of a 
surface and change their physiology accordingly. However, few researchers have observed 
a reduction in the amount of EPS produced as a consequence of growth on a surface, as 
has been observed here in the case of A. chroococcum. If indeed, the physiology of
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microorganisms is significantly affected by whether they are growing on a surface or in the 
aqueous phase, which of these phases are sensed in the rhizosphere?. This is another 
question, but an extremely important one, as the alteration in physiology may be more 
significant than first thought. For example, Yu and Costerton (unpublished data) from 
analysis of cell extracts by gel chromatography, observed that the total proteinaceous gene 
products made by surface-grown bacteria were at least 30% different fi’om those of cells 
grown in the aqueous phase. Whatever other processes are affected as a consequence of 
growth on a surface, the data obtained in this study, in accordance with other reports in 
the literature, clearly indicate that, at least, the relative amounts of EPS produced are 
significantly affected as a consequence of surface-associated growth.
The data shown in Figure 2.4, obtained for E. cloacae (C2/4) suggest a contrasting 
response to culture method, compared with the results obtained fi'om A. chroococcum. E. 
cloacae (C2/4) clearly produced the greatest quantity of extracellular polysaccharide when 
grown in batch fermentation with O2 , and ~78% less EPS was produced when grown by 
either batch fermentation without O2  or shake flask culture. This result is in accordance 
with the findings of numerous other workers who have reported that, generally, high 
oxygenation of the medium favours polysaccharide production (Duguid and Wilkinson, 
1953; Meades et al, 1994; Slodki and Cadmus, 1978). High oxygenation of media is 
probably necessary because as polymer production proceeds, the viscosity of the medium 
increases and the diffusion rate of oxygen decreases. Although, another important reason 
for the improved production of polysaccharide in batch fermentation, compared with 
shake flask culture, may be an improvement in the bulk transfer of O2 . McNeil and Harvey 
(1993) in a review on viscous fermentation products, clearly point out that the overall O2  
transfer capability of fermentation vessels is strongly dependent on bulk mixing and for 
viscous non-Newtonian products, such as microbial polysaccharides, these effects are 
more pronounced. Inevitably, the presence of an impeller in batch fermentation, rotating at 
high speed, will increase the bulk transfer of O2  to the organism cell surface. In general, 
the data presented in Figure 2.4 further supports the hypothesis that E. cloacae (C2/4) 
requires an aerobic environment for maximal EPS production. However, the amount of 
polysaccharide produced by E. cloacae (C2/4) on agar plates is significantly greater than 
that produced by A. chroococccum, even though O2  availability may be limiting for a
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proportion of the cells within these surface grown colonies. It is quite possible, that in the 
case of E. cloacae (C2/4), polysaccharide production is positively enhanced by growth on 
a surface.
The above hypothesis is clearly supported by the specific EPS production data shown in 
Figure 2.5. E. cloacae (C2/4), grown on agar plates, clearly produced the greatest 
quantities of EPS per unit biomass than in any other culture method.
1.5 i E. cloacae (C2/4) A. chroococcum
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Figure 2.5. Effect of culture method on specific EPS production 
by E. cloacae (C2/4) and A. chroococcum.
These data certainly indicate that polymer production by E. cloacae (C2/4) is stimulated 
by the presence of a surface. It is interesting to note that Boyd and Chakrabarty (1995) 
have reported that Pseudomonas aeruginosa produces two polymers when grown on a 
surface, a high and low molecular weight polymer, compared to just one of high molecular 
weight in liquid culture. In relation to the results obtained in this study, the production of 
more than one polymer by E. cloacae (C2/4) on an agar plate cannot be ruled out at this 
stage. The effect of O2 on specific EPS production by E. cloacae (C2/4) is less dramatic, 
but still observable. In the culture method where the level of O2 availability is assumed to 
be highest, i.e. batch fermentation with O2 , E. cloacae (C2/4) produced significantly more
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EPS per unit biomass (~60%) than when grown in conditions of lower O2  availability i.e. 
batch fermentation without O2  and shake flask culture.
With reference to Figure 2.5, in the case of^. chroococcum, it is interesting to note that 
the greatest amounts of EPS per unit biomass were produced in batch fermentation 
without O2  This result again suggests that low O2  tensions stimulate polysaccharide 
production by A. chroococcum. However, if this was exclusively the case, one would 
expect the quantities of EPS produced in shake flask culture to be significantly greater 
than that produced in batch fermentation with O2 . From the data presented in Figure 2.5, 
this is clearly not the case. Maybe the improvement in mixing by the presence of an 
impeller, continuously bathing the cells with fresh media, may explain the unexpectedly 
high amounts of EPS produced by A. chroococcum in batch fermentation with O2
In conclusion, the results obtained from this study not only provide a guide for the best 
method of EPS production to use for future work, but also shed some light on the 
physiology of polysaccharide production by the two organisms under study, which appear 
to contrast sharply.
In relation to EPS production by E. cloacae (C2/4), although growth on agar plates is the 
most efficient method of EPS production, the fact that the polymer must be manually 
removed fi'om each plate prior to extraction, precludes the use of this method as too 
labour intensive. The culture method of choice for this aerobic organism, not surprisingly, 
is batch fermentation with O2 . This method is relatively convenient and appears to yield 
the largest quantities of EPS per ml of medium. Similarly, in the case of A. chroococcum, 
the most productive culture method for polymer production is by batch fermentation, 
although for this organism, the level of oxygenation appears to have much less of an 
effect. However, it is possible that the level of oxygenation may affect the chemistry of 
polysaccharide produced by A. chroococcum, which consequently may have important 
implications for later studies on ion and water transport. This point is considered in more 
detail in Section 3.3.
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2.4. Chapter Summary
The studies described in this chapter clearly indicate that the amounts of EPS produced 
under laboratory conditions by a range of rhizosphere microorganisms varies considerably, 
from |.ig/ml medium to mg/ml medium. The results obtained also indicate a direct 
relationship between polysaccharide production and microbial growth, with maximal 
quantities of polymer accumulating in the medium during the stationary phase. However, 
the inability to apply the Luedeking and Piret model to the growth and polymer production 
data, suggests that this relationship, although direct, is complex and not simply a function 
of growth and biomass. Nevertheless, the data implicates microbial polysaccharide as a 
primary metabolite. From the range of microorganisms studied, the bacteria A. 
chroococcum and E. cloacae (C2/4) were singled out for further study as they produced 
the greatest quantities of microbial polymer in shake flask culture.
Experiments to investigate the effect of culture method on EPS production by these two 
bacteria suggested that, in general, maximal polysaccharide production can be achieved 
most conveniently in culture by batch fermentation. Thus, for the friture production of 
EPS by these bacteria, culture by batch fermentation is employed. However, these studies 
also revealed that the level of oxygenation of the medium in the batch fermentation 
process can also significantly affect the amounts of polymer produced by both E. cloacae 
(C2/4) and A. chroococcum. The data obtained indicate that high levels of oxygenation 
stimulate EPS production by E. cloacae (C2/4), but repress polysaccharide production by 
A. chroococcum. Furthermore, growth of these bacteria on a surface, i.e. on agar plates 
appears to significantly affect the levels of polymer production, enhancing EPS formation 
in the case of E. cloacae (C2/4), but repressing polymer production by A. chroococcum to 
an undetectable level. Although these data suggest this effect may simply be an extension 
of the O2  availability concept, other factors associated with growth on a surface most 
probably contribute. The results obtained from these studies clearly indicate distinct 
differences in the physiology of polysaccharide production between the two rhizosphere 
bacteria, E. cloacae (C2/4) and A. chroococcum.
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CHAPTER 3 
Chemical Characterisation of Microbial Polymers
3.1. Introduction
This chapter describes studies to chemically characterise the microbial polysaccharides 
produced by the methods detailed in Chapter 2. In addition, for comparative purposes, a 
selection of commercially available polysaccharides were included in the analyses.
Chemical characterisation of the polymers under study is important for several reasons. 
Firstly, it permits the identification of possible relationships between functional groups on 
the molecule and the ion/water diffusion properties obtained in later studies. It is 
acknowledged that other factors such as solution conformation and monosaccharide 
linkage pattern may also be important in determining the mechanisms of ion and water 
transport, however, it is hypothesised that the presence or absence of various functional 
groups have an overriding influence. Chemical characterisation also permits the 
differentiation of polysaccharide samples fi'om each other and also, in the case of the 
‘home-grown’ materials, allows comparisons to be made with similar studies reported in 
the literature.
It is important to realise that a complete analysis of the chemical components of each 
polymer under study simply was not practical. Thus, the studies described focus on key 
functional groups commonly found in microbial polysaccharides i.e. 0-acetyls, uronic 
acids, pyruvyls and proteins. Others do exist, such as amino, succinyl and glyceryl groups, 
but how common these moieties are in microbial polymers is not clear at present. In terms 
of ion diffusion, the degree of charge on the polysaccharide molecule is considered 
important, thus uronic acids and pyruvyl groups were assayed to assess the degree of 
negative charge, and proteins for positive charge. It is acknowledged that other factors, 
such as pH of the polysaccharide solution, will influence the significance of these groups 
on the diffusion of ions. 0-acetyls were chosen for analysis as, according to the literature, 
these moieties appear to be extremely influential in the behaviour of xanthan, both in terms
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of conformation in solution (CaJlet et ah, 1987) and binding selectivity of polysaccharides 
with cations. (Geddie and Sutherland, 1993).
Of the commercial polysaccharides, xanthan was selected, as it represents a negatively- 
charged, bacterial heteropolysaccharide with a structured, helical conformation in solution 
(Norton et al., 1984). In addition, this polymer is of significant commercial value and its 
chemistry well documented, thus it also functioned as a positive control in all the chemical 
assays performed. Moreover, xanthan has been the subject of many studies relating the 
physical properties of the material to chemistry and, as Sutherland (1994) has pointed out, 
probably provides the best single model system for microbial exopolysaccharides. The 
primary structure of xanthan consists of a pentasaccharide, composed of a cellulosic 
backbone of p-1,4 linked D-glucose residues, and a trisaccharide side chain of p-1,4 linked 
D-mannopyranosyl, P-1,4 linked D-glucouronic acid and a -1,2 linked D- 
mannopyranoside-6-O-acetate. The primary structure is shown in Figure 3.1. The side 
chains are attached at C-3 of alternate glucose residues of the main chain. Xanthan has an 
average molecular weight of ~1.5 x 10^  Da (Holzwarth, 1978).
HO
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Figure 3.1. Primary structure of xanthan
In contrast to xanthan, scleroglucan was chosen as an example of a completely uncharged 
polysaccharide, although like xanthan this polymer has an ordered, helical conformation in 
solution (Yanaki and Norisuye, 1983). Scleroglucan is produced commercially by 
Sclerotium rolfsii and is essentially composed of a P-1,3 linked D-glucose backbone to
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which are attached side chains of P-1,6 linked D-glucose on approximately every third 
main chain residue. Figure 3.2 shows the primary structure. Typically, scleroglucan has a 
molecular mass of ~5 x 10® Da.
HO-
HO
HO
HO-
HO-
OH
Figure 3.2. Primary structure of scleroglucan
Dextran was included in the analyses as it represents a relatively simple 
homopolysaccharide and is uncharged. Dextran was the first polysaccharide to be 
produced and used on a commercial scale (Jeanes, 1966). Most of the commercially 
available dextrans are produced by a single strain (NNRLB512) of Leuconostoc 
mesenteroides (Alsop, 1983) and are composed of 95% a -1,6 linked D-glucopyranosyl 
residues and ~5% randomly distributed a -1,3 linked branch residues (Sutherland, 1982). 
Approximately 85% of the branches contain only one or two single a-D-glucopyranosyl 
groups, with the remainder having an average length of ~30 1,6-linked residues. The 
primary structure of dextran is illustrated in Figure 3.3. Dextran is commercially available 
in a range of molecular weights, but for comparative purposes the sample used in these 
studies had a molecular weight of -2x10® Da.
Guar gum was included in these studies as this polysaccharide is being increasingly used as 
a seed coating, carrying inoculum in biological control studies (De Leij et aL, 1995; 
Naseby and Lynch, 1997). Fravel and co-workers (1985) have found that the use of 
polysaccharides in the formulation and application of biocontrol agents appears to prolong 
viability. Hence, the inclusion of guar gum in these analyses and subsequent ion transport 
studies may provide an insight into how this polymer influences the survival and successful
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colonization of biocontrol agents in the rhizosphere. Guar gum is produced commercially 
from the ground endosperm of the seeds of Cyamopsis tetragonoloba, a native plant of 
India. The chemical structure of the polysaccharide has been characterised as a linear P-
1,4 linked D-mannopyranosyl backbone, partially substituted at 0-6 with a-D- 
galactopyranosyl side groups (Dea and Morrison, 1975). Guar gum is thus uncharged and 
has an average molecular weight in the range 2-3 x 10^  Da. Figure 3.4 shows the primaiy 
structure of guar gum.
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Figure 3.3. Primary structure of dextran
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Figure 3.4. Primary structure of guar gum
Finally, this chapter describes the chemical characterisation of polysaccharides produced 
by A. chroococcum and E. cloacae (C2/4) under the range of culture methods detailed in 
Chapter 2. These analyses will reveal fiirther information on how O2  availability and 
growth on a surface, influence the physiology of polysaccharide production.
3.2. Chemical Characterisation of a Range of Polysaccharides
3.2.1. Experimental
All polysaccharides listed in Table 3.1 were analysed colorimetrically for 0-acetyl, uronic 
acid, pyruvyl and protein contents according to the methods described below. The total 
hexose content of each polymer was measured using the phenol/sulphuric acid assay (see 
Section 2.2.1.3). The results of these hexose determinations were combined with data 
obtained from analyses of functional groups to calculate mean ratios of hexose units per 
functional group (n = 5). As the molecular weight of the proteins identified was unknown, 
these data were expressed in terms of mass of protein per unit mass of hexose.
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POLYSACCHARIDE SOURCE
Trichoderma harzianum polymer 
Azotobacter chroococcum polymer 
Enterohacter cloacae (C2/4) polymer 
Enterobacter cloacae (Ll/14) polymer 
Pseudomonas fluorescens (SBW25) polymer 
Xanthan 
Scleroglucan 
Dextran (MW == 2x10^)
   Guar gum
Shake flask culture (see Section 2.2.1 
Shake flask culture (see Section 2.2.1 
Shake flask culture (see Section 2.2.1 
Shake flask culture (see Section 2.2.1 
Shake flask culture (see Section 2.2.1 
Sigma Chemical Co.
Systems Bio-Industries 
Sigma Chemical Co. 
_______ Sigma Chemical Co.______
Table 3.1, List of polysaccharides under study.
3.2.1.1. O-acetyl Determination
The amount of O-acetyl was determined according to the method of Hestrin (1949). 
Reagents
2 M hydroxylamine HCl
3.5MNaOH
5.5 M HCl
0.37 M FeCls • 6 H2 O in 0.1 M HCl
Standard: 0.04 M acetylcholine in 1 mM sodium acetate (pH 4.5)
Method
250 |j.l of hydroxylamine HCl was added to 250 pi of test solution containing between 0- 
0.16 mM acetyl. To this mixture, 250 pi ofNaOH, 250 pi of HCl and 250 pi of FeCb was 
added. The solutions were vortexed at each stage and finally left for 10 mins. at room 
temperature. To remove any precipitated protein, the samples were centrifuged at 20,000 
g for 15 mins. The absorbance of the solutions was read at 540 nm on a Pye Unicam 
SP8-400 UV/VIS spectrophotometer.
3.21.2. Uronic Acid Determination
The amount of uronic acids was determined by the method of Blumenkrantz and Asboe- 
Hansen (1973).
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Reagents
O.lMNaOH
8.81 mM 3-phenylphenoi in 0.1 MNaOH 
0.0125 M sodium tetraborate in conc. H2 SO4  
Standard: glucuronic acid (1000 pg/ml)
Method
200 pi of test solution containing between 0-20 pg of uronic acid was added to 1200 pi of 
cold (4°C) sodium tetraborate in conc. H2SO4. The mixture was vortexed and heated in a 
water bath at 100°C for 5 mins. After cooling in a water-ice bath for 10 mins., 20 pi of 3- 
phenylphenol was added. The solutions were vortexed and after 6 mins. the absorbance 
read at 520nm. As carbohydrates produces a pinkish chromogen with sulphuric 
acid/tetraborate at 100°C, a blank sample was included where the addition of 3- 
phenylphenol, was replaced by 20 pi of 0.1 M NaOH alone. The absorbance of the blank 
was subtracted from the total absorbance.
3.2.1.3. Pyruvyl Determination
The pyruvyl content of the polymer samples was determined according to the method of 
Sloneker and Orentas (1962).
Reagents
4MHC1
1 mM 2, 4-dinitrophenylhydrazine in 1 M HCl 
0.8 MNaOH
Standard: sodium pyruvate (1000 pg/ml)
Method
500 pi of polysaccharide solution, at a concentration of -0.1% w/v, was added to 500 pi 
of 4 M HCl and boiled for 5 h in a water bath. 100 pi of the hydrolysed sample, containing 
between 0-50 pg/ml pyruvate was then added to 100 pi of the dinitrophenylhydrazine 
reagent, the solutions vortexed and incubated for 20 mins. at room temperature. 1 ml of 
0.8 M NaOH was then added, the mixture vortexed, incubated for a further 10 mins. at 
room temperature and the absorbance read at 520 nm.
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3.2.1.4. Protein Determination
The amount of protein present was determined using the Sigma Bicinchoninic Acid 
Protein Assay Kit (Sigma Chemical Co., Procedure No. TPRO-562).
Reagents
Bicinchoninic acid solution (Sigma product No. B-9643)
0.25 M CUSO4 5 H2O
Standard: bovine serum albumin (1.0 mg/ml) in 0.5 M NaCl 
Method
A working reagent was prepared by adding 1 part CUSO4  5 H2O to 50 parts bicinchoninic 
acid solution. 75 pi of test solution containing between 31.25-1000 pg/ml protein was 
added to 1.5 ml of working reagent and the mixture vortexed. The solutions were 
incubated at 37°C for 30 mins., cooled at room temperature for 10 mins. and the 
absorbance read at 562nm.
3.2.2. Results and Discussion
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Figure 3.5. Chemical characterisation of a range of polysaccharides produced 
commercially and by a variety of rhizosphere microorganims. TH = Trichoderma 
harzianum\ AC = Azotobacter chroococcum^ C2/4 = Enterobacter cloacae (C2/4); Ll/14 
= Enterobacter cloacae (Ll/14); PS = Ps. fluorescens (SBW25); XAN = xanthan; SCL = 
scleroglucan; DEX = dextran; GUAR = guar gum. * = not determined.
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3.2.2.1. O-acetyl groups
As illustrated in Figure 3.5, wide variations in O-acetyl content were found in the range of 
polysaccharides studied. Considering the ‘home-grown’ materials, the polymer produced 
by E. cloacae (C2/4) contained the highest amounts of O-acetyl, with a ratio of 0.38, 
corresponding to approximately one O-acetyl for every 2.6 hexose units. In contrast, 
another strain of E. cloacae, (Ll/14), produced a polymer with approximately 80% less 
0-acetyls. Sutherland (1981) coined the term ‘chemotype’ to describe strains within the 
same species producing chemically dissimilar polysaccharides. Whether such large 
variations in O-acetyl polymer content within the same species are due to genotypic or 
phenotypic differences is not clear at present, the giowth medium for each strain was the 
same, excèpt that the carbon source for E. cloacae (Ll/14) was fructose and not sucrose. 
The Ll/14 strain was grown on a different carbon source to C2/4 simply because 
Chapman and Lynch (1985) observed this organism to produce more extracellular 
polysaccharide when grown on fructose. However, an influence of carbon source on 
polysaccharide composition has been previously documented in the case of Erwinia 
amylovora, where typically an alginate-like polymer is produced, but when sucrose is 
supplied as the sole carbon source, levan is produced (Bennett and Billing, 1980).
Chapman and Lynch (1985) determined the neutral sugar composition of polymers 
produced by E. cloacae (C2/4) and (Ll/14) by gas chromatography. The results obtained 
suggested both polymers were chemically related to colanic acid. Interestingly, Grant et al. 
(1969), from studies on the chemistry of polysaccharides produced by several strains from 
the genera Salmonella, Escherichia and Aerohacter, concluded that all members of the 
family Enterohacteriaceae produce colanic acid. However, the polymers analysed by 
Grant and co-workers contained -6% O-acetyl, whereas the polymers produced by E. 
cloacae (C2/4) and (Ll/14) in this study contained 38% and 7.5%, respectively. These 
results support the additional comment made by Grant et al. that the presence of colanic 
acid may be restricted to those members of the Enterohacteriaceae found only in the 
intestine. E. cloacae (C2/4) and (Ll/14) were both isolated from a soil environment.
The polysaccharides produced by A. chroococcum contained virtually no O-acetyl groups, 
with only trace amounts being detected. These results support those of Lawson and
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Stacey (1954) who have also reported an absence of uronic acids in the polymer produced 
by A chroococcum.
Conti et al. (1994) has reported Ps. fluorescens to produce an 0-acetylated alginate-like 
polymer. Production of alginate-related polysaccharides by pseudomonads appears to be 
relatively common (Gacesa and Russell, 1990; Fett et al., 1995). These materials are 
similar in composition to algal alginates but are acetylated (Gorin and Spencer, 1966; 
Linker and Jones, 1966) and very low or devoid of guluronic acid (Piggott et al, 1982). 
However, the level of 0-acetylation noted by Conti and co-workers (12-21%) is far higher 
than reported here for Ps. fluorescens (SBW25) (6%), although the relatively high level of 
uronic acids observed here would follow for an alginate-related polymer. Dasinger et al. 
(1994) reported that a soil-isolated Pseudomonas sp. produced a polysaccharide 
containing between 15-25% uronic acids which is consistent with the content measured in 
these studies (27%). However, Dasinger’s group noted a higher O-acetyl content (11%) 
than found here. With regard to these variations, Fett et al., (1989) upon studying the 
polysaccharide composition from 214 strains of fluorescent pseudomonads, concluded 
that, in general, this group of bacteria are capable of elaborating a diverse array of acidic 
polysaccharides.
Alternatively, the material produced by Ps. fluorescens (SBW25) may in fact be a mixture 
of chemically different polysaccharides. Indeed, although it has been tacitly assumed that 
each organism produces only one polysaccharide, any of the ‘home-grown’ materials may 
be mixtures of more than one polysaccharide molecule. Certainly, Pseudomonas 
phaseolicola can be shown to produce at least three polysaccharides in vitro, a levan, 
alginate and lipopolysaccharide (Gross and Rudolph, 1987).
The O-acetyl content of xanthan was comparably high, with a ratio of 0.2 hexose units per 
O-acetyl group. This result affirms the accuracy of the O-acetyl assay as, theoretically, 
xanthan contains one O-acetyl group per repeating unit (see Figure 3.1).
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3.2.2.2. Uronic acids
Figure 3.5 shows that, in general, the uronic acid content of the ‘home-grown’ 
polysaccharides was relatively high, (ratio -0.2), with the exception of the A. 
chroococcum polymer. This result contrasts with those found by others who report this 
bacterium to produce a polysaccharide with a ratio of hexoses:uronic acids of 0.04 
(Cooper et al,, 1938), 0.09 (Wurst et al., 1974) and high levels of D-mannuronic acid (see 
review, Sutherland and Tait, 1992). Chapman and Lynch (1985) studied the uronic acid 
content of Æ cloacae (C2/4) and (Ll/14) but found lower ratios than observed here of 
0.15 and 0.12 respectively. However, they used the carbazole method for uronic acid 
determination which has been reported to lack specificity due to interference by hexoses 
(Blumenkrantz and Asboe-hansen, 1973). Hence, more representative uronic acid contents 
are likely to have been obtained by the analysis reported here.
In general, the uronic acid results obtained in this study support Sutherland’s view (1988) 
that most microbial polysaccharides contain a uronic acid content of between 20-25%. 
The presence of fixed negative charge in polymers is considered critical to their ability to 
exclude the diffusion of anions. Thus, all other factors being equal, one would expect all 
the ‘home-grown’ polymers, excluding the A. chroococcum polymer, to show a relatively 
high degree of anion exclusion, due to their comparably high uronic acid content. Of 
course, not only uronic acids confer negative charge to the polysaccharide molecule, non­
sugar substituents such as phosphates or acyl groups, including succinate (Harada, 1965; 
Hisamatsu et a l, 1978), pyruvate and glycerate (Kuo and Mort, 1986) may also 
contribute. A range of other acyl substituents have also been identified in microbial 
polysaccharides. For example, formyl in extracellular materials from Klebsiella strains 
(Sutherland, 1971), propionyl in polymers produced by strains o ïEscherichia coli (Jann et 
a l, 1983), 3-hydroxybutanoic acid from polysaccharides produced by certain strains of 
Rhizobium ttifolii (Hollingsworth et a l, 1984) and ether-linked lactic acid in the 
Klebsiella type 37 capsular polysaccharide (Lindberg, 1977). However, as uronic acids 
appear to be the most common substituent of microbial polymers, the proceeding studies 
will focus on the effect of these groups on anion exclusion. In fact, Fazio et a l (1982) 
suggested that since uronic acids were so common in microbial polysaccharides, they 
could almost function as universal, specific indicators of these materials.
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In consideration of the commercial polysaccharides. Figure 3.5 clearly shows xanthan to 
contain the highest uronic acid content, the measured ratio (0.19) is again satisfyingly 
close to the theoretical value of one uronic acid per five hexose units (see Figure 3.1). 
However, the detection of uronic acids in dextran at a molar ratio of 0.026 hexose units 
per uronic acid seems surprising considering this polymer, theoretically at least, contains 
no uronic acids (see Figure 3.3). One possible explanation for the detection of uronic acids 
in dextran comes from a report by Scott (1979), who found that intermediates formed 
from neutral sugars in concentrated H2 SO4  can react with each other, with unreacted 
sugar, or with end products to produce nondescript substances which react positively with 
3-phenylphenol (the principal reagent in the uronic acid assay) resulting in interfering 
absorbance. Scott found that the level of interference from hexoses was highest with 
glucose. Although for each sample analysed in the uronic acid assay, a blank assay was 
tested in the absence of 3-phenolphenyl. As glucose is the principal hexose in dextran, it is 
possible that the apparent detection of uronic acids in this material is due to this 
interference.
Similarly, the detection of uronic acids in scleroglucan seems rather controversial as 
clearly, the primary structure of this biopolymer is completely unsubstituted (see Figure 
3.2). However, as the main chain is essentially composed of glucose residues, interferences 
from the assay procedure as proposed for dextran may explain this anomaly.
3.2.2,3. Pyruvyl groups
All of the polysaccharides analysed for pyruvyl, contained an amount of this substituent. 
Not only does the E. cloacae (C2/4) polymer possess the highest uronic acid content but 
also the highest amounts of pyruvyl of all polysaccharides studied. Hence, as a result of 
the comparably high degree of negative charge on this material, one may expect it to 
behave very anion-exclusively. The only other ‘home-grown’ material measured for 
pyruvyl was the A. chroococcum polymer, which in contrast to the E. cloacae (C2/4) 
polysaccharide, possesses a relatively low pyruvyl content. This polymer also contains no 
uronic acids, thus overall, appears relatively uncharged. The anion-exclusive behaviour of 
the A. chroococcum polymer in comparison to the relatively highly-charged E, cloacae
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(C2/4) polymer may shed some light on the general effect of negative charge on anion 
exclusion.
Of the commercial polysaccharides, the measured pyruvyl content of xanthan (ratio -0.1) 
was approximately half the theoretical value of one pyruvyl every five hexose units. 
However, one must acknowledge the observations of Sutherland (1981) who noted that 
the pyruvyl content of xanthan can be variable and that only 30-50% of the repeat units 
are typically pyruvylated.
3.2.I.4. Protein content
Theoretically, the presence of proteins, at an appropriate pH, will introduce positive 
charge to the polymer molecule, thus reducing the effects of any negative charge. 
Therefore, all other factors being equal, according to Sollner (1958), the more protein 
present in the polymer, the lower the probability of a diffusing anion encountering an 
electrostatically blocked pore. In relation to the results shown in Figure 3.5., the protein 
content of the polymers obtained from T. harzianum and Ps. fluorescens (SBW25) are 
notably high. Martens and Frankenberger (1991) also found a range of soil-isolated 
pseudomonads to produce polysaccharides containing similarly high protein contents of 
-0.4 mg protein per mg polysaccharide. Interestingly, these workers found that a high 
proportion of this protein had enzymatic activity, including acid and alkaline phosphatase, 
invertase, urease and glucosidase. In relation to the data presented here, there may be two 
reasons for the high protein contents of the Ps. fluorescens (SBW25) and T. harzianum 
polymers. Firstly, the protein detected may be contamination and due to the relatively low 
yields of polysaccharide produced by these organisms, the protein contents appear 
comparably high. Alternatively, these two organisms may just produce low levels of 
polysaccharide, containing a high level of structural protein. Although the polymer 
samples were not analysed for hexosamines, these substituents have been identified as 
components of polysaccharides produced by soil pseudomonads (Fett et al., 1996). It is 
simply not clear at present whether the protein detected in any of the ‘home-grown’ 
polymer samples was a contaminant or constitutive. Certainly, in the case of the 
commercial polymers, xanthan and scleroglucan, where the protein content of the polymer
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amounted to -10% of the hexose content, contamination seems a likely source, as these 
polysaccharides do not contain any structural protein (see Figures 3.1 and 3.2).
In summary, this study clearly indicates wide differences in the chemical composition of 
polysaccharides produced by a range of rhizosphere microorganisms in viti^ o. It would 
also appear that those polymers identified in Chapter 2 which are produced in relatively 
large amounts, i.e. polymers synthesised by E. cloacae (C2/4) and A. chroococcum, 
sharply contrast with each other in terms of O-acetyl, uronic acid, pyruvyl and protein 
contents. It is hypothesised that such chemically diverse polysaccharides possess dissimilar 
ion and water transport properties.
3.3. Effect of Culture Method on the Chemistry of Polysaccharides 
Produced by Enterobacter cloacae (C2/4) and Azotobacter chroococcum
3.3.1. Experimental
Cultures of Enterobacter cloacae (C2/4) and Azotobacter chroococcum were grown on 
agar plates, in shake flasks and by batch fermentation with (3 1/min.) and without (<0.5 
1/min.) O2 sparging as described in Section 2.3.1. After 72 h growth, extracellular 
polysaccharide (EPS) was extracted from the spent media as detailed in Section 2.3.1. In 
each case, the extracted EPS was analysed colorimetrically for O-acetyl, uronic acids and 
protein content using the methods outlined in Section 3.2.1. These results were expressed 
as mean (n = 5) molar ratios of hexose units per functional group. The hexose content of 
each polysaccharide sample was determined using the phenol/sulphuric acid assay (see 
Section 2.2.1.3). The protein content of each polymer was expressed in terms of mass of 
protein per unit mass of hexose.
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3.3.2. Results and Discussion
Figure 3.6. Effect of culture method on the O-acetyl content of 
polysaccharides produced by A. chroœoccum and E. cloacae (C2/4).
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With reference to Figure 3.6, the E. cloacae (C2/4) polymer showed the most dramatic 
change in O-acetyl content with culture method. When E. cloacae (C2/4) was grown on 
an agar plate, the resulting polysaccharide contained almost twice as much 0-acetate 
compared to polymer produced in either shake flask or batch fermentation. These data 
clearly suggest that growth on a surface affects polysaccharide composition The observed 
increase in the O-acetyl content of the E. cloacae (C2/4) polymer as a result of surface- 
associated growth may have some functional significance. The importance of the 
hydrophobic methyl of the O-acetyl moiety on the physical properties of bacterial 
polymers has already been reported (Sutherland, 1994; Smith et al., 1981). Inevitably, an 
air/agar interface represents a far more apolar environment than an aqueous medium, thus 
the production of a more hydrophobic exocellular polysaccharide may assist adhesion and 
colonisation of the surface. The importance of O-acetyl groups in the adhesion process in 
the extracellular polysaccharides of biofilms has been suggested by Sandford and Baird 
(1983).
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Figure 3.6 also shows the effect of O2 availability on the O-acetyl content of the polymer 
produced by E. cloacae (C2/4). Growth of this organism in batch fermentation without O2  
resulted in a polymer with a lower O-acetyl content than growth in batch fermentation 
with O2  or in shake flasks. As the precursor of 0-acetate is believed to be acetyl CoA 
(Sutherland, 1987), a major metabolite of aerobic metabolism, the relatively low O-acetyl 
content of the polymer grown in conditions of poor aeration, may reflect a change of 
metabolism to a fermentative pathway. Such a response is quite common in members of 
XhQ Enterohacteriaceae (Stanier et ah, 1986).
However, one must acknowledge the findings of Tait et al. (1986) which offer a 
completely different interpretation to the data obtained in Figure 3.6. From studies on the 
kinetics of xanthan production by Xanthomonas campestris, they noted considerable 
changes in the O-acetyl and pyruvyl content of xanthan with fermentation time. Low levels 
of acylation and pyruvylation were observed during exponential growth, with maximal 
levels detected during stationary phase. It is therefore possible that the differences in O- 
acetyl content or indeed any other substituent observed in these studies are simply a result 
of differences in relative growth phase between the different culture methods rather than a 
direct result of O2 content and the aqueous/surface nature of the medium. Although 
growth curves have been obtained for both A. chroococcum and E. cloacae (C2/4) (see 
Section 2.2.3), these are only relevant for shake flask cultures.
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Figure 3.7. Effect of culture method on the uronic acid content of 
polysaccharides produced by A. chroococcum and E. cloacae (C2/4).
As can be seen in Figures 3.6, 3.7 and 3.8, no data were obtained for the A. chroococcum 
polymer from growth on a surface, as this bacterium produced no detectable 
polysaccharide when grown on an agar plate (see Section 2.3.2). Nevertheless, A. 
chroococcum did produce a polysaccharide with a detectable level of O-acetyl when 
grown in batch fermentation with and without O2 , but the levels were too low to be 
considered significant, at least to the physical properties of the polysaccharide produced 
However, Figure 3 .7 does show an effect of culture method on the uronic acid content of 
the A. chroococcum polymer. Upon growth of this organism in batch fermentation with 
O2 , the uronic acid content of the polysaccharide significantly increased. As growth in 
batch fermentation with O2 probably represents the most highly oxygenated environment 
of all culture methods tested, these data suggest that O2 availability can affect the uronic 
acid content, thus the degree of negative charge on the polymer, and hence, possibly, the 
diffusion of ions/water. However, this trend does not appear to follow for the E. cloacae 
(C2/4) polymer. In fact, in the case of E. cloacae (C2/4) there appears to be no significant 
effect of culture method on the uronic acid content of the polysaccharide. Although, the 
polymer with the lowest levels of uronic acid was produced in conditions of low O2
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availability, i.e. batch fermentation without O2 In general. Figure 3.7 suggests little effect 
on the uronic acid content of bacterial polymers as a consequence of growth on a surface. 
These results clearly contrast with those obtained by Beech and Gaylarde (1991), who 
found that exopolysaccharides produced by both Pseudomonas fluorescens and 
Desulfovibrio desulfuricans only contained uronic acids when these organisms were 
grown on a surface. However, the growth conditions were not as strictly controlled 
between the surface and bulk phase-grown cultures in Beech and Gaylarde’s studies 
compared with those reported here, thus parameters other than the presence of a surface 
may have caused the observed changes in polysaccharide uronic acid content in their 
study.
Figure 3.8. Effect of culture method on the protein content of 
polysaccharides produced by A. chroococcum and E. cloacae (C2/4).
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With reference to Figure 3 .8, the protein content of polysaccharides produced by both A. 
chroococcum and E. cloacae (C2/4) appears to vary widely with culture method. There 
are at least two interpretations of these data, dependent on the nature of the protein, i.e. 
constitutive or a contaminant. If the protein in both polymers is a contaminant, then one 
might expect the protein content to increase with increasing specific polymer production
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(mg EPS/mg cell dry wt.), because the cells are more difficult to physically remove by 
centrifugation if more polymer is produced per unit cell. Indeed, if the trends shown in 
Figure 3.8 are compared with those in Figure 2.5 (showing effect of culture method on 
specific EPS production), some correlation is apparent, especially in the case of the A. 
chroococcum polymer. Thus, the detected changes in protein content with culture method 
can be explained simply in terms of polymer concentration of the spent medium.
Alternatively, the protein measured in the extracted polysaccharides may be constitutive.
If this is the case, then the data presented in Figure 3.8 indicates the polysaccharide 
produced by A. chroococcum in batch fermentation to possess a relatively high protein 
content and that oxygen availability has little effect on the protein content of this polymer.
Much larger changes in protein content were observed for the E. cloacae (C2/4) polymer, 
the lowest levels being present in the polysaccharide produced from surface-associated 
growth. If this is a real effect and the protein is constitutive, then it may follow that 
polysaccharide produced from growth on a surface is less positively-charged than 
production in an aqueous environment as it contains less protein and may thus be more 
anion-exclusive. Although at the present time, this is no more than speculation, Humphrey
et al. (1979) haw also reported the production of polysaccharide from a Flexibacter strain I
!with an increased protein content, as a consequence of growth on a surface. '
3.4. Chapter Summary
In conclusion, this chapter clearly indicates that microbial polysaccharides produced by 
rhizosphere organisms under laboratory conditions, differ considerably both in quality and 
quantity of functional groups, such as those conferring charge to the molecule, including
uronic acids and proteins, those affecting solution conformation such as O-acetyls, and iIthose affecting both i.e. pyruvate. In terms of the organisms under study, polymers !
produced by E. cloacae (C2/4) and A. chroococcum are of particular interest as the 
former contains a significantly higher proportion of uronic acids, O-acetyls and pyruvyls 
than the latter, thus their respective ion/water transport properties may also vary if charge 
and polymer solution conformation play a role.
94
Experiments to investigate the effect of culture method on the chemical composition of 
polysaccharides synthesised by E. cloacae (C2/4) and A, chroococcum shed further light 
on the physiology of polysaccharide production in rhizosphere microorganisms. The data 
indicated considerable changes in the 0-acetyl and prDf&in content of both 
polysaccharides as a consequence of growth on a surface (agar plate) compared with 
growth in a submerged aqueous environment. The O2  content of aqueous media also 
appeared to significantly affect the 0-acetyl and protein levels in the polymers produced 
by the two rhizosphere bacteria.
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CHAPTER 4 
Diffusion Potentials across Polysaccharide Lavers
4.1. Introduction
The studies reported in this chapter are based on a method originally proposed by Wagner 
et al. (1995). This method, which is central to the development of this thesis, has been 
developed and validated specifically for the work undertaken and represents a novel 
approach to the study of ion transport across microbial rhizosphere polysaccharides. 
Essentially, the technique involves the measurement of an electrochemical potential across 
a polymer layer using Ag/AgCl electrodes. Either side of the polymer layer are aqueous 
solutions of a simple electrolyte at differing concentrations. The potential measured is a 
direct function of the relative permeability of the polysaccharide layer to diffusing ions in 
the electrolytes and can thus be related to the perm-selectivity of the polysaccharide gel. 
As the method constitutes a key component of this work, a brief overview of the technique 
is deemed appropriate.
4.1.1. The Measurement of Diffusion Potentials
Figure 4.1. Apparatus for measuring diffusion potentials
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The system employed is illustrated in Figure 4.1 and is analogous to the operation of a 
galvanic cell (Koryta, 1991). The apparatus is based on a typical concentration cell used 
for the measurement of membrane potentials (Bockris and Drazic, 1972), but here, the 
membrane is substituted with a polysaccharide layer.
Firstly, consider the situation in the absence of a polymer layer. The two electrolyte 
solutions are interfaced with a porous glass frit. As soon as the system is set up, and Cl' 
ions diffrjse down the concentration gradient of the cell. After several hours, the 
electrochemical potential stabilises as read by a high resistance voltmeter. At this time, 
there still remains a higher concentration of Cl" ions in compartment A than compartment
B. This causes an electrochemical reaction to occur at the surface of the Ag/AgCl 
electrode in compartment A, driven in the direction:
Ag+ + Cl- AgCl + e-
Electrons are thus generated and flow from anode to cathode as shown in Figure 4.1. The 
arrival of electrons at the cathode surface causes the electrochemical reaction at this 
electrode to be driven in the direction;
AgCl + e- ^ Ag-^  + Cl-
As a consequence of electron flow from anode to cathode a positive electrochemical 
potential develops across the glass frit as a result of the diffusion of and Cl" ions. This 
potential is termed the Nemst or liquid junction potential, F, and is quantitatively 
described by the Nemst equation:
i &  [4.3]I c J
where R is the universal gas constant, T  is temperature, z is the charge/valency of difiRising 
species, F  is the Faraday constant and C, and Co are initial concentrations of the diffusing 
species in compartments A and B, respectively. For the system described in Figure 4.1, the 
Nernst equation predicts a potential of 59 mV in the absence of a polysaccharide layer.
As a result of impregnating the glass flit with an anion-exclusive polysaccharide, 
practically no Cl" ions can penetrate. This leads to a greater accumulation of unbalanced
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negative charge (Cl' ions) in compartment A than in the absence of a polymer layer, 
resulting in a larger concentration difference of Cl' ions between the two compartments. 
This causes a greater flow of electrons from anode to cathode and thus a larger 
electrochemical potential across the polysaccharide layer. According to electrochemical 
theory, the introduction of a polymer layer causes a separate electrochemical potential to 
develop, the membrane potential. This potential is either positive, i.e. in the presence of an 
anion-exclusive layer, or negative, i.e. in the presence of a cation-exclusive layer. The 
overall potential measured in the system is termed the diffusion potential, and is sum of the 
Nemst potential (constant for the system under consideration) and the membrane potential 
(dependent on the perm-selective nature of the polymer layer). Thus in summary, the sign 
and magnitude of the diffusion potential depend on: the absolute concentrations and 
concentration ratio of the electrolyte in the two compartments, the charge and ionic 
composition of the electrolyte, and the nature of the polysaccharide layer.
However, the measurement of diffusion potentials can only be utilised in the studies 
undertaken here if the following assumptions are considered:
1. All ionic fluxes through the system occur by diffusion and not mass flow.
2. There are no streaming potentials across the polysaccharide layer as a result of 
differences in hydrostatic or osmotic pressure gradients.
3. Phase boundary potentials at all interfaces are negligible.
4. Evaporation effects are insignificant.
5. The effects of anomalous diffusion are negligible.
6. There is no significant dissolution or hydration of the polysaccharide layer.
7. The diffusion potential is not affected by microbial contamination of the concentration 
cell.
8. The mechanism of anion/cation exclusion is exclusively electrostatic and not caused by 
frictional resistances as a result of ion hydration.
9. Counterions do not form insoluble complexes with the fixed negative charges on the 
pore walls.
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In consideration of the above, diffusion potentials can be used to study the anion-exclusive 
behaviour of microbial polysaccharides. Clearly, the technique is simple, quick, 
quantitative and highly sensitive. In addition to surveying the anion-exclusive behaviour of 
a whole range of polysaccharides, the studies described herein aim to investigate some of 
the physical and chemical properties of microbial polymers which control anion exclusion. 
The physical properties of interest include the influence of polysaccharide concentration 
and polymer layer thickness. In terms of chemical factors, the influence of functional 
groups, such as 0 -acetyl, pyruvyl, uronic acids and the presence of proteins are 
considered. Considering the wealth of knowledge now available on the chemical structure 
of microbial gels, relatively little is known about how chemical factors affect the physical 
and biological behaviour of these materials. Most of the work presented, concerns the 
behaviour of xanthan which, as discussed previously, functions throughout this thesis as a 
model microbial polysaccharide. The data obtained is discussed in terms of the significance 
of anion-exclusive polymers to ion transport and nutrient availability in the rhizosphere.
4.2. Experimental
4.2.1. Diffusion Potential Measurements
All polymer samples analysed were prepared from a lyophilised state and hydrated with 
sterile ‘Milli-Q’ water to the desired concentration. Each polysaccharide sample was 
impregnated into two 1.5 M HNOg-washed glass frits (porosity size 0, diameter 9 mm) 
according to the following method. Each frit was fitted into the end of a small piece of 
silicone tubing. An excess of polymer was pipetted onto the surface of the frit and a 
vacuum applied to suck polysaccharide through the porous glass disk. The impregnated 
frit was inserted into the end of a 10 cm length of 2 % H2 SO4 -washed silicone tubing. An 
excess of polymer was pipetted over the inserted flit and a second impregnated frit fitted 
on top of the first. The silicone tube was then carefully lowered into a 2% H2 SO4-washed 
glass beaker containing 200 ml of 0.05 mM KCl, while simultaneously filling the inside of 
the tube with 2 ml of 0.5 mM KCl to maintain equal hydrostatic pressure within the 
system. Ag/AgCl electrodes were then immersed in each electrolyte as shown in Figure
4.1. After 24 h at room temperature, the electrochemical potential across the
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polysaccharide layer was measured using a high resistance voltmeter (R>10^  ^O) and mean 
potentials calculated for each polymer sample from triplicate readings.
4.2.2. Effect of Polysaccharide Concentration on the Diffusion Potential
A range of xanthan solutions were prepared in the concentration range 0-3% w/v. The 
diffusion potential of each xanthan concentration was measured as described in Section
4.2.1.
4.2.3. Effect of Polymer Layer Thickness on the Diffusion Potential
Disks of Whatman No. 1 filter paper (200 pm thick, 9 mm diameter), were impregnated 
with 3% w/v xanthan by the same technique as described in Section 4.2.1. Any excess 
xanthan gel was carefully removed from each impregnated disk to maintain a uniform 
polymer layer thickness. The filter disks simply functioned as a mechanical support for the 
polymer, analogous to the glass frits, but were a lot thinner (200 pm) than the frits (4 
mm). Each impregnated filter disk was sandwiched between two unimpregnated glass firits 
and the diffusion cell system set up as described in Section 4.2.1. A range of polymer layer 
thicknesses were obtained by sandwiching between one and six xanthan-impregnated filter 
disks between the two glass frits. Unimpregnated filter disks served as a control. Diffusion 
potentials across a varying number of xanthan-impregnated and unimpregnated filter disks 
were measured.
4.2.4. Effect of Xanthan Chemistry on the Diffusion Potential
The influence of 0-acetyls, pyruvyls, uronic acids and proteins on the diffusion potential, 
and thus the degree of anion exclusion exhibited by xanthan was investigated by chemical 
modification of the native molecule. The diffusion potential of all xanthan samples was 
measured at three discrete concentrations (0.1, 1 and 3% w/v) to examine any trends. 
There was not enough material available to measure diffusion potentials at higher 
concentrations, except in the case of native xanthan. The following methods were 
employed to selectively remove the O-acetyls, pyruvyls and uronic acids from native 
xanthan and incoiporate protein. The selectivity of each procedure was checked by 
chemical analyses of the modified xanthan samples using the colorimetric assays detailed in 
Section 3.2.1.
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4.2.4.1. De-acetylation Procedure
Native xanthan was de-acetylated according to the method of Geddie and Sutherland 
(1993).
Reagents
2MNH4OH
4 M H C 1
1% w/v polysaccharide solution 
Method
10 ml of 2 M NH4OH was pipetted into a 50 ml glass test tube containing 10 ml of 1% 
w/v polysaccharide solution. This mixture was vortexed and heated for 2 h at 60°C. After 
this time, 5 ml of 4 M HCl was added, the solution dialysed for 36 h against ‘Milli-Q’ 
water and lyophilised.
4.2.4.2. De-pyruvylation Procedure
Xanthan was de-pyruvylated according to a modified method of Holzwarth and Ogletree 
(1979).
Reagents
O . l M N a C l
10 mM oxalic acid
0.1% w/v polysaccharide solution
Method
A 0.1% w/v xanthan solution was heated with 0.1 M NaCl and 10 mM oxalic acid for 3 h 
at 80°C. The solution was then dialysed against ‘Milli-Q’ water for 36 h and lyophilised.
4.2.4.S. De carboxylation Procedure
Native xanthan was de-carboxylated using the highly reactive reductant, 9- 
borabicyclo(3,3,l)nonane, (9-BBN) as described by Brown e ta l (1976).
Reagents
9-borabicyclo(3,3,l)nonane, (9-BBN)
1% w/v polysaccharide in diglyme.
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Method
Native xanthan was added to 100 ml of diglyme to yield a final polymer concentration of 
1% w/v. This solution was heated to 60°C under reflux, under N2 . When up to 
temperature, 1 g of 9-BBN was added and the solution stirred for 2-3 h. After this time, 
the reaction was quenched by the drop-wise addition of an excess of distilled water. The 
volatiles were then removed by rotary evaporation, the remaining xanthan solution 
dialysed for 36 h against ‘Milli-Q’ water and lyophilsed.
4.2.4.4. Addition of Protein to Xanthan.
The objective of this procedure was to investigate the effects of the addition of positive 
charge to xanthan on the diffusion potential. Instead of attempting to chemically aminate 
the native molecule, more simply, a high molecular weight protein was added. The protein 
of choice was poly-L-lysine (MW 243 KDa, pK 10.2) which was mixed with dry xanthan 
in a ratio of 3:7. This xanthan-protein mix was hydrated to a concentration of 3% w/v, lefl: 
to equilibrate at room temperature for ~5 h and then lyophilised.
4.2.5. Diffusion Potentials of a Range of Polysaccharides
Polysaccharides isolated fi*om batch fermentations of cultures of E. cloacae (C2/4) and A. 
chroococcum (see Section 2.3.1.3), and the commercial polymers, xanthan, scleroglucan, 
dextran and guar gum (refer to Section 3.1 for further details) were each hydrated to 
concentrations of 0.1, 1 and 3% w/v using sterile ‘Milli-Q’ water. The diffusion potentials 
of each polymer sample were measured as described above and means calculated.
4.3. Results and Discussion
4.3.1. Diffusion Potential Measurements
Figure 4.2. shows the typical development of a diffusion potential measured over a 96 h 
period.
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Figure 4.2. Representative traces showing the development of diffusion
potentials in the presence and absence of a 3% xanthan layer.
As can be seen, in the presence of a polymer layer (3% xanthan), during the first few 
hours, the electrochemical potential increases rapidly, and after ~24 h, stabilises. It was in 
the light of these data, that an experimental running time of 24 h was chosen for each 
polymer sample evaluated using this system, as after this time no significant change in 
electrochemical potential was detected. Notwithstanding the apparent stabilisation of 
potential ~24 h, upon closer examination a slight but steady drop in potential can be seen 
There was a concern that this small but measurable drop in potential was due to 
dissolution of polysaccharide from the glass fiits into the electrolyte solutions. If so, these 
data suggest that one of the assumptions made in Section 4.1.1 does not hold. However, 
approximately the same rate of decrease in potential is observed in the absence of a 
polymer layer (control 0%), suggesting that although this decrease is real, it is an inherent 
property of the experimental system rather than a consequence of polysaccharide 
dissolution. Reasons for this small drop in potential are not clear, suffice to note that over 
the time period of interest, the slight drop in potential in no way negates the effect of 
introducing a polymer layer into the system on the diffusion potential.
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The data obtained in Figure 4.2. does support one of the assumptions made in Section 
4.1.1 concerning the influence of phase boundary potentials. If phase boundary potentials 
did significantly contribute to the measured diffusion potential, one would expect to see a 
much sharper increase in potential in the presence of a polymer layer, or even a higher 
starting potential than in the case of the control system. Clearly, this is not seen. A much 
more gradual increase in potential was observed in the presence of a xanthan layer, 
suggesting the developing potential was more the result of a time-dependent process such 
as diffusion, rather than the presence of a phase boundary potential. However, other 
workers in the field have reported phase boundary potentials to significantly contribute to 
the measurement of a diffusion potential. For example, Boyd et ah (1947) argues that the 
ion transfer mechanism in ion exclusive polymer layers involves two different processes, a 
diffusion and an exchange reaction, the transfer being controlled by the slower one. From 
their work on exchange adsorption of ions by organic zeolites, Boyd and co-workers 
found that the exchange reaction in the ion exclusive layer is very rapid and therefore the 
diffusion process controls the ionic transfer, i.e. the rate determining step is the diffusion 
of species within the layer and in the liquid films adhering to the layer faces. The work of 
Ktaii et a t (1993) on ion transfer across ion exclusive polymer layers also provides 
evidence that ionic transfer is conducted by the liquid films and not by the polymer layer 
itself. Such work as this, indicates that liquid films which form either side of the polymer 
layer do slow down the rate of ion transfer through the layer and as a consequence, 
separate potentials may develop at these phase boundaries. Notwithstanding these 
comments from the literature, from the data presented in Figure 4.2, at least in the system 
under consideration here, the introduction of a polymer layer does appear to introduce a 
significant phase boundary potential.
It is appropriate at this point to also consider the validity of another assumption made in 
Section 4.1.1, which states that the mechanism of ion exclusion measured is exclusively 
electrostatic and not caused by frictional resistance as a result of ion hydration. However, 
Krasne and Eisenman (1973) suggested that hydrated ion size is an important factor 
affecting ion transport processes across polymer layers. Their studies using cation 
exchange membranes with a series of alkali metal cations indicated that when the coulomb
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interactions between counterion and fixed ion site are weak compared with the ion-dipole 
or ion-induced dipole interactions between counterion and ion fixed site, a clear 
relationship between selectivity and hydrated ion size appears. In support of this, studies 
by Hamilton et al (1988) and Murphy et a l (1988) on the transport of neutral and 
charged species through polymers confinned that water structuring processes brought 
about by both solute-water and polymer-water interactions are of fundamental importance 
in controlling transport through polymer layers. Even Sollner and Gregor (1952), keen 
subscribers to the aforementioned assumption, considered the possibility of polymer layers 
being impermeable to a counterion because of steric hindrance in the pores. One can only 
conclude that when considering the apparent structural heterogeneity of a polymer layer, a 
combination of electrostatic and hydration effects are bound to contribute to any ion- 
exclusive behaviour. Although, in the discussions that follow, the primary contribution is 
considered to be electrostatic.
Most importantly. Figure 4.2 shows that in the presence of a 3% xanthan layer, the 
diffusion potential increases to approximately twice the value observed in the absence of a 
polymer layer. This increase in potential, indicates a much greater difference in Cl" 
concentration between the two compartments either side of the glass fiits than observed in 
the control system. Thus, as a consequence of introducing a 3% xanthan layer into the 
system, the diffusion of anions (Cl ) is greatly reduced. The diffusion of cations must be 
relatively unaffected as current still flows around the system, as indicated by the 
development of an electrochemical potential. Hence, cations (K )^ must carry this charge 
and their arrival in compartment B will compensate for the development of excess negative 
charge at the cathode surface in accordance with reaction [4.2] in Section 4.1.1. Thus, in 
summary, the higher the diffusion potential, the more anion-exclusive the polysaccharide 
layer.
4.3.2. Effect of Polysaccharide Concentration on the Diffusion Potential
Figure 4.3 shows data from a study to investigate the effect of xanthan concentration on 
the diffusion potential, and hence the degr ee of anion exclusion.
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Figure 4.3. Effect of xanthan concentration (0-3%) on the diffusion potential.
As illustrated, the relationship between xanthan concentration and the diffusion potential 
may be considered to be approximately linear. Certainly, from linear regression analysis, 
the correlation coefficient (r) between these two parameters was calculated to be 0.965. 
However, at a polymer concentration of 1% there appears to be a significant increase in 
the diffusion potential, which is not in line with the general trend of the data. There seems 
to be no clear explanation for this. However, Jeanes et al. (1961), from studies on the 
physical properties of xanthan solutions, reported a relationship between polysaccharide 
concentration and viscosity. Jeanes and co-workers found a positive linear relationship 
between concentration and viscosity, but from graphs plotted, the gradient of the line 
decreased at concentrations higher than 1%. Therefore the change in gradient identified 
within the data in Figure 4.3 at a concentration of 1% may be significant. Overall, the data 
most probably consists of two lines of differing gradients. If this is the case, then at 
xanthan concentrations above 1%, a transition in solution conformation may occur, 
resulting in a xanthan gel where the diffusion potential is less sensitive to further increases 
in polymer concentration.
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Studies by Ackers and Steers (1962) may shed some light on the mechanism which causes 
an increase in diffusion potential with increasing polymer concentration. Essentially, these 
workers found a positive relationship between the pore diameter and polymer 
concentration of a range of polysaccharide gels. As the data presented in Figure 4.3 show 
a positive relationship between polymer concentration and the diffusion potential, one may 
infer that changes in the pore diameter of the gel are responsible for the observed changes 
in diffusion potential. Hence, a decrease in the mean pore diameter of the gel is considered 
to cause an increase in the diffusion potential and thus the level of anion exclusion. 
Although Sollner, a major contributor to the theory of anion-exclusion, did not present any 
direct evidence to support the relationship between pore diameter and the degree of anion 
exclusion, such a relationship is clearly described in his widely accepted theory on the 
electrochemical nature of porous membranes and is briefly outlined in Figure 4.4.
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Figure 4.4, Effect of pore diameter on the permeability of anions 
in a negatively-charged polymer pore (Reproduced from Sollner, 1974).
The above Figure shows, in a highly schematised manner, the effect of pore diameter on 
the permeability of anions in a pore of fixed negative charge. In this Figure, the shaded 
parts indicate the solid wall material and the minus signs on the pore walls, the fixed 
negative charge. The plus and minus signs within the pore represent the diffusible cations 
and anions in the pore water. In the widest pore, i.e. low polymer concentration (Figure
4.4, A), there is approximately twice as many cations as anions, thus a low level of anion 
exclusion. However, as the pore diameter decreases i.e. the polymer concentration
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increases (Figure 4.4, B), the number of anions present decreases due to electrostatic 
repulsion by the electrostatic fields of the fixed negative charges. In this condition, the 
level of anion exclusion is higher. In the narrowest pore, i.e. high polymer concentration 
(Figure 4.4, C), there is total exclusion of anions due to complete overlapping of 
electrostatic fields from the fixed negative charges. Hence, in this condition the level of 
anion exclusion is high. The data obtained in Figure 4.3 clearly supports Sollner’s theory.
4.3.3. Effect of Polymer Layer Thickness on the Diffusion Potential
The effect of polymer layer thickness on the anion-exclusive behaviour of microbial 
polysaccharides was an important physical parameter to investigate for two main reasons. 
Firstly, several workers have noted that the thickness of the mucigel layer varies greatly, 
with plant species, age, position on root and the soil water content (Campbell and Rovira, 
1973; Greaves and Darbyshire, 1972). Thus, if polymer layer thickness does affect the 
level of anion exclusion, then some roots may be more deprived of nutrient anions than 
others. Secondly, the anion-exclusive nature of bacterial polysaccharides has so far only 
been demonstrated in this Chapter with a polymer layer thickness of ~8 mm, i.e. the 
thickness of two glass frits. Again, if anion exclusion is affected by thickness of the 
polymer layer, then layers of a more realistic thickness to those measured in the 
rhizosphere may not be anion-exclusive at all. However, it is understandably difficult to 
accurately control the thickness of a polysaccharide layer, especially down to reported 
mucigel thicknesses of -10 pm, as these materials readily dissolve in water and in the 
experimental system are surrounded by an aqueous environment. Moreover, the only 
reported measurements of mucigel layers have been made from transmission electron 
micrographs, which will have suffered from processing shrinkage. For the studies 
undertaken here, the thinnest hydrated polymer layer that could most accurately be 
prepared and remain at a relatively constant thickness and concentration throughout the 
time course of the experiment was 200 pm, obtained by impregnating a Whatman filter 
disk with 3% xanthan.
Figure 4.5 shows the effect of increasing the number of xanthan-impregnated and 
unimpregnated disks in the experimental system on the difidision potential.
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Figure 4.5. Effect of xanthan layer thickness on the diffusion potential.
As can be seen from the Figure, the introduction of up to six unimpregnated filters did not 
considerably change the diffusion potential in relation to the control value, i.e. the Nemst 
potential, represented by the lower soua line and obtained in the presence of just two 
clean glass frits. These data indicate that any change in potential observed upon 
introduction of xanthan-impregnated disks must be due to the polysaccharide alone and 
not the filter disk material. Upon introduction of just one xanthan-impregnated disk, the 
diffusion potential increased dramatically. In fact, the presence of a 200 pm thick xanthan 
layer increased the diffusion potential to ~83% of the maximum value, represented by the 
upper SoV\tk line and obtained in the presence of two xanthan-impregnated glass fiits 
(total thickness of ~8 mm). This large increase in potential as a consequence of the 
introduction of only one impregnated disk also suggests that the 200 pm layer did not 
completely dissolve during the time course of the experiment (24 h). When the xanthan 
layer was increased further, in 200 pm steps, the diffusion potential increased in an 
approximately linear manner. The xanthan layer had to be at least 1.2 mm thick to produce 
the same potential as from two xanthan-impregnated glass frits. These data therefore 
suggest that in the case of xanthan, the polymer layer can be reduced from 8-1.2 mm with 
no significant effect on the diffusion potential. But <1.2 mm, the level of anion exclusion
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decreases with further reductions in layer thickness. However, layers as thin as 200 pm 
still show a high degree of anion exclusion (~83% of the maximum value). Unfortunately, 
for reasons described earlier, no data was available on the anion-exclusive behaviour of 
xanthan layers <200 pm thick. At this stage, it can only be assumed that the diffusion 
potential of a 3% xanthan layer decreases from -80-50 mV as the layer thickness is 
reduced from 200-0 pm.
Clearly, in the case of 3% xanthan, the thickness of the polymer layer significantly affects 
the degree of anion exclusion observed. Sollner (1945) also considered how polymer layer 
thickness may affect the degree of anion exclusion. Sollner assumed, and probably rightly 
so in the case of xanthan, the concentration of electrically important dissociable groups 
(i.e. carboxyls) to be relatively low in the polymer layer. Thus there may be an insufficient 
number of active groups available to supply each of the possible pathways across the layer 
with at least one such active group. Thus, if the critical groups are scarce, the chance of 
every pore being blocked to the diffusion of anions may diminish with decreasing thickness 
of the polymer layer. This thickness problem was elegantly illustrated by Sollner using two 
highly schematised polymer layer structures as shown in Figures 4.6 and 4.7. In these 
Figures, the polymer substance is indicated by striation and the asterisks denote fixed 
negative charges.
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Figures 4.6 and 4.7. Two simple polymer layer structures, 
highly schematised (Reproduced from Sollner, 1945).
Figure 4.6 shows the simplest conceivable structure of a polymer layer. Figure 4.6, a, 
illustrates a unit thickness of polymer, showing every other pore blocked for the passage
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of anions, the ratio of the free to the geometrically possible pathways thus being 0.5. It is 
easy to see that the number of pathways free to the permeation of anions in this layer 
structure decreases in a geometrical series as the thickness of the polymer layer increases 
in an arithmetical series. If such layers are sufficiently thick, a situation will be reached of 
complete anion exclusion. This particular polymer structure could well explain the results 
obtained in this study for xanthan, but only confidently in the thickness range 0.2-1.2 mm, 
although such an explanation might also apply to xanthan layer thicknesses <200 pm.
Sollner (1945) proposed an alternative polymer structure which is shown in Figure 4.7. 
Figure 4.7, a represents a unit layer of polymer, 50% of the pores being blocked. Figure 
4.7, b shows a possible assembly of two such layers which allow a free cross connection of 
the pores between the two adjacent polymer layers. It is clear from Figure 4.7 that the 
level of anion exclusion in a polymer layer of this character is independent of the number 
of unit layers from which the whole is built up, i.e. it is independent of the thickness of the 
complete layer. Such a polymer layer structure may well explain the data obtained in this 
study for xanthan of layer thicknesses between 1.2-8 mm. In addition, an independent 
relationship between xanthan layer thickness and anion exclusion may also exist for some 
layers <200 pm thick. Sollner’s hypothetical polymer layer structures clearly illustrate how 
the cross connections between different pores can influence the anion-exclusive behaviour 
of polymer layers profoundly. Hence, the relative frequency of the fixed negative charges 
and branching of the pores can be considered as the paramount factors determining the 
effect of layer thickness on the degree of anion exclusion, and may thus explain the data 
obtained in Figure 4.5. However, it is important to realise that the layer structures 
represented in Figures 4.6 and 4.7 may be considered as the two extreme cases, and an 
infinite variety of other intermediate structures may also exist.
Sollner (1945) experimentally investigated the thickness effect, using dried collodion 
layers of varying thickness. He obtained similar trends to those shown in Figure 4.5 for 
xanthan, but of course could obtain data on much thinner layer thicknesses due to the 
insolubility of collodion in an aqueous environment. In summary, Sollner found the level of 
anion exclusion to be independent of polymer thickness beyond layers -15 pm thick. 
Below this thickness, a relationship between layer thickness and the degree of anion
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exclusion was observed, qualitatively in accordance with the predictions of Figure 4.6. If it 
was experimentally possible to create xanthan layers of comparable thickness to Sollner’s 
collodion membranes, maybe similar trends would be found.
4.3.4. Effect of Xanthan Chemistry on the Diffusion Potential
Figure 4.8. Effect of xanthan chemistry on the diffusion potential.
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Apart from the effect of various functional groups in xanthan on the diffusion potential. 
Figure 4.8 also shows the effect of increasing the concentration of xanthan beyond 3%. As 
can be seen, there is relatively little change in the diffusion potential as a result of 
increasing the xanthan concentration up to 10%. The diffusion potential of higher polymer 
concentrations was measured, but the affinity of xanthan concentrations >10% for water 
was so high that the xanthan sample physically forced the glass frits out of the silicone 
tube as the polymer absorbed more water. The fact that the diffusion potential measured in 
xanthan increases up to 3% (as shown in Figure 4.3) but does not change significantly 
beyond that, suggests that the mean pore diameter does not change significantly between 3 
and 10% xanthan gels. However, there is an element of doubt in this deduction which is 
extremely important to consider.
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Logically, the data shown in Figure 4.8 on the effect of xanthan concentration beyond 3% 
should really be included with the rest of the concentration versus diffusion potential data 
as presented in Figure 4.3. However, if the values for the control potential, i.e. the Nemst 
potential, and the potential obtained from 3% xanthan are compared between Figures 4.3 
and 4.8, there is clearly a difference. The primary reason for this difference was an 
approximate 18 month time difference between these two experiments. The underlying 
reason for these differences is inherent variability in performance of the Ag/AgCl 
electrodes. The effect always appeared to be in the measurement of the control, Nemst 
potential, which, between Figures 4.3 and 4.8, is out by nearly 10 mV. Despite recoating 
the electrodes and extensive assessment of electrode performance, this change in 
measurement of control potential with long periods of time could not be resolved. 
Therefore, in this chapter, the data shown in any particular Figure cannot be compared 
directly with other Figures. Thus, while the absolute values of the control potentials, and 
thus all other potentials, may vary between Figures, the trends within each Figure are 
reproducibly real. In addition, over the three years of this project, it was consistently 
observed that whatever the control potential was measured to be within any given 
experiment, the potential obtained in the presence of a 3% xanthan layer (i.e. xanthan 
impregnated between two glass frits) was always double that of the control. Thus, the 
effect of introducing polysaccharide into the experimental system was always the same, 
relative to the control potential.
4.3.4.1. De-acetylation
The effect of chemical de-acetylation on the chemical composition of xanthan is included 
in Figure 4.9.
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Figure 4.9. Chemical analysis of xanthan derivatives.
By comparison of the data obtained from native and de-acetylated xanthan, it is clear that 
the de-acetylation procedure employed was selective and removed all traces of O-acetyl 
with little effect on the pyruvyl and protein contents. However, the procedure did reduce 
the uronic acid content of de-acetylated xanthan by -18%, although, there is a relatively 
large standard error associated with this value. Considering the number of studies 
published on chemical de-acetylation of polysaccharides (Ashtaputre and Shah, 1995; 
Geddie and Sutherland, 1993; Atkins, 1987; Smith et al., 1981), very few report on how 
this procedure affects other constituents of the polymer.
Figure 4.8 shows the effect of selectively removing the O-acetyl groups in xanthan on the 
diffusion potential at three different polymer concentrations. At each concentration, the 
diffusion potential of the de-acetylated material is higher than that of the native polymer. 
Moreover, the higher the polymer concentration, the greater the differential in potential 
between the two polymers. The effect of selectively removing the O-acetyl groups in 
xanthan on the diffusion potential is of great significance. It is surprising to think that the
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removal of such a small component from such a huge molecule can have a dramatic effect 
on the diffusion potential. Essentially, at 3%, the removal of O-acetyl groups from xanthan 
appears to increase the diffusion potential by -50%. Therefore, at 3%, de-acetylated 
xanthan is -50% more anion-exclusive than its native counterpart. Admittedly, the lower 
the concentration, the less dramatic this effect appears to be, but nevertheless, the effect is 
still detectable. The general effect of O-acetyls on the diffusion potential could be very 
useful, for example, the absence of O-acetyls in rhizosphere polymers could be used as an 
indicator of highly anion-exclusive polysaccharides. Of course, such an indicator of anion 
exclusion could only be utilised if the effect of O-acetyls on anion exclusion is universal 
and not just restricted to xanthan. This is an important point and will be returned to later.
How exactly the removal of O-acetyls from xanthan causes an increase in the anion- 
exclusive behaviour of this molecule is clearly a pertinent point. It is logical to assume that 
the mechanism in operation is not direct. Acetyls carry no significant charge, alternatively, 
chemical cleavage of the group from the main chain is not believed to produce any extra 
dissociable groups. Thus, the removal of O-acetyls is more likely to cause another effect, 
which in itself directly causes an increase in the level of anion exclusion. If no extra 
negative charge is produced on the molecule, either directly or indirectly, the most likely 
possibility is that the removal of 0-acetyIs causes a change in solution conformation, 
which results in a polysaccharide with a smaller mean pore diameter, thus the carboxyls 
are located closer to one another and their electrostatic fields are more likely to overlap, 
thereby increasing the proportion of blocked pores in the polysaccharide to the diffusion of 
anions. Several studies have been published in the literature which support this hypothesis 
and are briefly discussed below.
A number of workers have observed considerable changes in the physical properties of a 
range of polysaccharides as a consequence of de-acetylation. Atkins (1987), from work on 
gellan gum, found the de-acetylated form to be a more stiff, brittle gel with a higher 
viscosity than the native polymer. Moorhouse et al (1981), also found de-acetylation of a 
polymer produced by Pseudomonas resulted in a much firmer and more brittle gel. In the 
case of xanthan, Jeanes et al (1961) and Hassler and Doherty (1990) found the viscosity 
of de-acetylated xanthan to be considerably higher than the native form. However, Dea
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(1987) has reported the intrinsic viscosity of xanthan gel to drop by -18% as a 
consequence of de-acetylation. With the exception of Dea’s work, the general observation 
of an increase in xanthan viscosity as a result of de-acetylation is supported by the findings 
of this study, as a positive relationship between polymer concentration, thus viscosity, and 
the diffusion potential has been identified. It is therefore no surprise that xanthan is more 
anion-exclusive as a consequence of de-acetylation, as the viscosity appears to increase.
Several workers have also investigated the role of O-acetyls in xanthan at the molecular 
level. There is general agreement that the O-acetyl groups stabilise the ordered helical 
conformation of the polymer molecule in solution (Dentini et al., 1984; Callet et al., 
1987). Smith et al. (1981) concluded that the O-acetyls were located close to the helix 
centre. In this position. Smith and co-workers concluded that the O-acetyl groups invoked 
an intramolecular binding force, stabilising the helical conformation of the molecule by 
non-ionic forces which outweigh repulsion between adjaceqt carboxyls (Holzwarth, 1976). 
This stabilising effect may be due to apolar interactions between O-acetyl methyls (Smith 
et al., 1981) or alternatively, the O-acetyl substituents could act as hydrogen acceptors, 
thereby stabilising the molecule (Dentini et al., 1984). By a similar mechanism, Tako 
(1992) proposed the stabilisation to be effected by hydrogen bonding between the O- 
acetyl methyl group and the hemiacetal oxygen atom of an adjacent D-glucosyl residue.
Upon de-acetylation of xanthan, the stabilising influence of the O-acetyls is removed. The 
ordered helical conformation is believed to break down, effected by repulsion between 
carboxyl groups (Holzwarth, 1976). Tako (1992) concluded that as a consequence of de- 
acetylation, the whole molecule adopts a more flexible and extended conformation than 
that of the native form, notably the side chains are more mobile (Tako and Nakamura, 
1984; Bradshaw et al., 1983). Most importantly, from the point of view of the studies 
presented here. Smith et al. (1981) concluded that this de-stabilised conformation 
facilitates more polymer-water interactions than the native form. As carboxyls are known 
to play a significant role in bonding with water (Meares, 1968), more carboxyl groups are 
believed to be available for interaction with water in the de-acetylated conformation than 
the ordered native form. This would certainly explain the observation of a higher viscosity 
in xanthan as a consequence of de-acetylation. Further evidence for a change in the spatial
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arrangement of carboxyls as a consequence of de-acetylation comes from studies by 
Holzwarth (1976) and Holzwarth and Ogletree (1979) which indicate that the carboxyls 
are less closely spaced than in the native form. Tako (1992) has also shown that the 
stronger interaction of de-acetylated xanthan with galactomannans compared with native 
xanthan is due to greater chain flexibility, allowing more carboxyls to interact with the 
galactomannan chain. The observation of a higher degree of anion exclusion in de- 
acetylated xanthan may thus be explained in terms of a change in conformation of the 
polymer molecule to one which facilitates greater and closer interaction between the 
carboxyls and the aqueous phase. Hence, in de-acetylated xanthan, the observed increase 
in anion exclusion may be caused by two interacting factors. Firstly, there is a change in 
polymer conformation such that more carboxyls can interact with the aqueous phase and 
thus the diffusing anion. Secondly, this change in conformation results in a gel with a 
higher viscosity and thus, most probably, a smaller mean pore size, increasing the 
proportion of electrostatically blocked pores to the diffusion of anions.
4.3.4.2. De-pyruvylation
The success of the chemical de-pyruvylation procedure employed in this study is shown in 
Figure 4.9. As can be seen, the procedure was, in general, not as selective as the de- 
acetylation reaction. Only -60% of the pyruvyl groups were removed, whilst there was a 
slight reduction in the O-acetyl content of the modified molecule, although the uronic acid 
and protein contents were left unaffected. An incompleteness of the same de-pyruvylation 
reaction has also been noted by Holzwarth and Ogletree (1979), although they managed to 
obtain up to 90% removal of pyruvyls. Notwithstanding these comments, the diffusion 
potential of the resultant material obtained in this study was significantly higher, at all 
polysaccharide concentrations examined, than that of the parent molecule. Again, like de- 
acetylated xanthan, the effects were most pronounced at higher polymer concentrations. 
At 3%, the diffusion potential, thus the level of anion exclusion, was nearly 20% higher as 
a consequence of de-pyruvylation.
Reference to the literature suggests that the mechanism causing an increase in the level of 
anion exclusion in xanthan as a consequence of de-pyruvylation is more complex than that 
proposed for O-acetyl groups. Several workers have concluded that the selective removal
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of pyruvyls from xanthan causes a decrease in solution viscosity (Callet et ah, 1987; 
Hassler and Doherty, 1990). Fidanza et al. (1989), from studies on succinoglycan, also 
found that de-pyruvylation of the polysaccharide causes a sharp decrease in viscosity. In 
contrast, Bradshaw et al. (1983) noted that the pyruvate groups in xanthan do not 
significantly affect the solution viscosity. The general observation of a decrease in 
viscosity of xanthan gels as a consequence of de-pyruvylation, contrasts other data 
obtained in this study which suggest viscosity to be positively-linked to anion exclusion. If 
indeed the viscosity of xanthan solutions is significantly lower as a result of de- 
pyruvylation, then how this contributes to an increase in the level of anion exclusion is not 
clear at the present time.
At the molecular level, there appears to be two schools of thought on the effect of 
pyruvyls on xanthan conformation. Smith et al. (1981) hm  suggested that the pyruvate 
groups promote polymer chain association and structure formation by increasing polymer- 
polymer affinity relative to polymer-solvent affinity. Smith’s group also proposed that in 
the presence of pyruvyl, intermolecular association is enhanced in xanthan by interactions 
between pyruvate methyl groups, which are thought to be located on the periphery of the 
helix. On this basis, the pyruvyl groups may be considered to have a similar stabilising 
effect on xanthan solution conformation as proposed for O-acetyls. Thus, in the case of 
de-pyruvylated xanthan, the mechanism in operation causing an increase in the degree of 
anion exclusion may be analagous to that of de-acetylated xanthan. If this is the case, then 
the slightly less dramatic increases in the level of anion exclusion, observed for de- 
pyruvylated xanthan as oppose to de-acetylated xanthan may be explained by the fact that 
upon removal of the pyruvate, negative charge in the form of carboxyls are being removed 
as well as methyl groups. Thus, although the removal of the methyl causes an effective 
increase in the proportion of interacting carboxyls, the subsequent increase in the level of 
anion exclusion is lessened by removal of a carboxyl with each pyruvyl. Although such an 
explanation seems quite logical, the overall pyruvyl content of xanthan is lower than the 
0-acetyI content and the de-pyruvylation procedure was significantly less selective than 
that for de-acetylation.
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However, there is another school of thought as to how pyruvyl groups affect the 
conformation of xanthan. Dentini et al. (1984) found the pyruvate groups to have a de­
stabilising effect on the ordered conformation, explained by an increase in electrostatic 
repulsion, due to the presence of the pyruvate carboxyls. These workers have proposed 
that the elimination of pyruvyl groups from xanthan brings about a lowering of the 
intramolecular electrostatic repulsion, thus promoting the formation of a more compact 
polymer conformation. Coincidently, the observed increase in the anion-exclusive 
behaviour of xanthan as a consequence of de-pyruvylation, can also be explained in the 
context of Dentini and co-workers proposals. Essentially, in the absence of pyruvyls, the 
formation of a more compact conformation may result in a decrease in the mean pore 
diameter of the de-pyruvylated form, increasing the probability of electrostatic fields from 
carboxyls overlapping and blocking pores to the diffusion of anions. In essence, the 
models of Smith et al. and Dentini et al. focus on different functional moieties of the 
pyruvate group. Smith et al. assumes the effect of the pyruvate methyl to be the more 
significant, whereas Dentini et al. considers the pyruvate carboxyl to have an overriding 
influence. Clearly, at the present time, the effect of pyruvyls on xanthan conformation is 
unestablished. Fortunately, from the point of view of this study, either model can explain 
the observed effects on anion exclusion in xanthan.
Finally, It is important to acknowledge that the observed changes in the anion-exclusive 
behaviour of xanthan as a consequence of both de-pyruylation and de-acetylation only 
follow if the chemical procedure employed exclusively cleaves the functional groups of 
interest and causes no additional structural changes. One of the major concerns during this 
work was that the de-pyruvylation and de-acetylation procedures required native xanthan 
to be heated, and maybe this process in itself could have caused the observed changes in 
anion-exclusive behaviour. However, other workers in the field have shown that the 
heating of xanthan solutions does not cause any significant structural or conformational 
changes. For example, Holzwarth and Ogletree (1979) used the same de-pyruvylation 
procedure as employed here and found that the mere heating of xanthan at 95°C for 
several hours did not produce a polymer with a significantly different transition 
temperature. In another, rather extreme case, Shatwell et al. (1990b) claim that xanthan is 
stable, if heated to 90°C in the presence of salt, for several years. The presence of salt
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when exposing xanthan to heat appears quite important. Holzwarth (1976) has reported 
xanthan, in the presence of salt, to show thermal hysteresis, although most other workers 
have found either no evidence for hysteresis (Milas and Rinaudo, 1979; Frangou et ah, 
1982) or some hysteresis at very low salt concentrations (Liu et al., 1987). The presence 
of salt appears to reduce the amount of hysteresis and has been explained by Shatwell et 
a l (1990b) in kinetic terms. Shatwell and co-workers argued that salt promotes ordering 
of the polymer chains following heating. Thus, in the absence of salt, the rate of ordering 
may be considerably slower than the rate of cooling, resulting in a less-ordered polymer 
when cool than prior to heating. In this study, all chemical reactions were performed on 
xanthan in the presence of an excess of KCl, thereby protecting the gel against any 
potential hysteresis effects.
4.3.4.3. De carboxylation
Figure 4.9 shows the effect of the procedure chosen for de-carboxylation on the levels of 
substituents left in the modified molecule. As can be seen, of all the procedures employed 
to chemically modify xanthan, this was the least successful. The reaction did remove 
significant amounts of uronic carboxyls from the parent molecule, but only ~27% of the 
control value. The procedure also removed significant amounts of O-acetyl and pyruvyl 
and produced a material with a slightly higher protein content than the control. f\s the 
modified molecule was not completely, selectively de-carboxylated, the difiusion potential 
of this material was not measured.
The importance of negative charge in conferring anion exclusion is unequivocal. Bethe and 
Toropoff (1914) were the first to point out that the degree of what is now called anion 
exclusion is functionally correlated to the level of negative charge in the polymer layer. 
More direct evidence for the role of carboxyls in anion exclusion can be obtained from 
Sollner’s work (1945). When using Baker collodion U.S.P. membranes in a system similar 
to that used in this study, Sollner obtained electrochemical potentials between 25-40 mV. 
However, upon oxidation of the aforementioned membrane, significantly higher potentials 
between 50-55 mV were obtained. The aim of this section of the thesis, was to remove the 
negative charge from xanthan by the reduction of uronic acids to primary alcohols. It was
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hypothesised that the resultant xanthan sample would be less anion-exclusive than its 
native counterpart.
The fact that the chosen method for de-carboxylation was not successful in this study is 
pertinent. The following brief review of the literature suggests why, at present, it may not 
be chemically possible to selectively reduce the uronic acids in xanthan.
Numerous reports have been published describing methods to reduce the carboxyls in 
polysaccharides to primary alcohols. The first reductions were obtained by the use of 
lithium aluminium hydride (Abdel-Akher and Smith, 1950; Aspinall et al., 1956). 
However, this reductant is of no use for xanthan as it is only reactive in non-aqueous 
solvents such as diethyl ether or tetrahydrofuran. The solubility of polysaccharides may be 
achieved in these ether-type solvents by acétylation (Rees and Samuel, 1965) or 
propionylation (Smith and Stephen, 1960). However, because of these side reactions, if 
applied to xanthan it would also reduce the O-acetyl groups. In addition, lithium 
aluminium hydride is a relatively strong reductant, and since esters are reduced even more 
readily than carboxylic acids, the O-acetyl content would again be affected.
Reduction of carboxyls has been effected in aqueous solution using sodium (Jones and 
Perry, 1957) or potassium (Fontaine et ah, 1994) borohydrides, providing the acid groups 
are first esterified under mild conditions. Methyl esters may be formed by treatment of the 
polymer with diazomethane (Jones and Perry, 1957). However, the reduction is then often 
found to be incomplete as not all the molecules in the solid phase are accessible to the 
reagent. In spite of these comments the method has been successfully applied to the 
reduction of uronic acids in alginic acid (Manning and Green, 1967) and appears to cause 
minimal depolymerisation of the polymer molecule. However, as the reductant reacts with 
methyl esters, the O-acetyl content of xanthan would also be affected. Evidence for this 
comes from work conducted by Hungerer et al. (1967). These workers successfully de- 
carboxylated a polysaccharide isolated from Escherichia coli by first esterifying the 
molecule with ethylene oxide and then treating with sodium borohydride. Upon chemical 
analysis of the products, although ~85% of the uronic acids had been reduced, all traces of 
O-acetyl had been removed from the molecule.
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The most successful reductions of uronic acids in polysaccharides have been achieved 
using diborane. Aspinall (1965) achieved successful de-carboxylation of acetylated arabic 
acid by the generation of diborane in situ, by the addition of boron trifluoride etherate to a 
solution of lithium borohydride in 1,2-dimethoxyethane. By similar methods, diborane has 
also been used to de-carboxylate propionylated alginic acid (Hirst et al., 1964), acetylated 
4-O-methylglucuronoxylan (Ross and Thompson, 1965) and even polysaccharides 
extracted from soil (Cheshire et al., 1979). On average, diborane removes ~90% of the 
uronic acid carboxy-groups. Diborane is a very effective reductant and reacts with 
carboxyls at a faster rate than with esters (Smith and Stephen, 1960), thus, in the case of 
xanthan, would theoretically leave the 0-acetyls unaffected. However, the reactions are 
typically performed in a non-aqueous solvent, thus the polymer must be either acetylated 
or propionylated prior to exposure to the reductant. In addition, side reactions such as 
depolymerisation of the polysaccharide molecule (Manning and Gieen, 1967) and the 
inevitable reductive cleavage of acyl groups (Hirst et al., 1964) detract from its utility for 
xanthan.
In consideration of the above, a different reductant was chosen for de-carboxylation of 
xanthan. 9-borabicyclo(3,3,l)nonane (9-BBN) is a relatively strong reductant, but with 
greater selectivity towards carboxyls than some of the other more conventionally used 
reagents. One possible reason for the lack of reactivity towards xanthan, as observed in 
this study, may be the poor solubility of native xanthan in diglyme. This was 
acknowledged at the outset, but due to the high reactivity of 9-BBN for carboxyls, the 
generation of a colloidal suspension was considered to be sufficient to provide access of 
the reductant to the active sites on the xanthan molecule. As already discussed, if xanthan 
was to be made soluble in a solvent such as diglyme, it would have to be acetylated or 
propionylated and the selectivity of the reductant would have been lost. However, in the 
light of the results obtained, a more conventional reductant was tried with xanthan. The 
method employed was similar to that used by Yoon and Cho (1982) and Yoon et al. 
(1973) and the reductant was borane in tetrahydrofuran. Upon chemical analysis of the 
resultant xanthan, the uronic acid content was not significantly different from the native 
molecule. The effect on the other substituents of xanthan was not examined. However,
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again, one possible reason for the lack of reactivity of borane with xanthan, may have been 
the lack of complete solubility of the polysaccharide in tetrahydrofuran.
In conclusion, it appears extremely difficult at present to reduce the uronic acids in 
xanthan to primary alcohols without either reducing the O-acetyl or pyruvyl content or 
depolymerising the polymer. The only other reported study on selective reduction of 
uronic acids in xanthan comes from Sutherland (1996, pers. comm.), who has tried a 
method similar to that used by Larsson et al. (1984) on alginic acid and Taylor and Conrad 
(1972) on glycosaminoglycuronans. Basically, xanthan is esterified with a water-soluble 
carbodiimide and then treated with sodium borohydride. However, not surprisingly the 
method was found to be non-selective, but interestingly, Sutherland found the resultant 
xanthan molecule to be completely insoluble in water. Meares (1968), from studies on 
commercial ion-exchange resins, also observed a decrease in solubility as the carboxyl 
content of the polymer was reduced. The role of carboxyls and 0-acetyls in xanthan in the 
interaction of the polymer with water is a subject of study in Chapter 7.
4.3.4.4. Addition of Protein to Xanthan
The procedure chosen to introduce positive charge into xanthan was relatively simple. 
Thus, it is no surprise that the data obtained from chemical analysis of the modified 
material revealed only minor, insignificant changes in the levels of all constitutive moieties, 
but showed a massive increase in the amount of protein detected. The amount of protein 
which was artificially added to native xanthan was based on the highest protein levels 
(-0.3 mg protein/mg glucose) measured in the ‘home-grown’ polysaccharide materials, 
extracted fi*om rhizosphere bacteria (see Section 3.2) . It was hoped that the addition of 
protein to native xanthan, at comparable levels to those found in laboratory-produced 
microbial polymers, would provide a handle on the influence of positive charge on the 
anion-exclusive behaviour of microbial polysaccharides.
Figure 4.8 shows the diffusion potential data obtained fi'om the protein-amended xanthan 
sample. Cleaiiy, the added protein has little effect on the anion-exclusive behaviour of 
native xanthan. Although, the potentials measured fi'om the protein-amended sample are 
consistently lower than for native xanthan, the differences are not sufficiently different to
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be of significance. This is an extremely pertinent result and appears to contradict the basic 
theory of anion exclusion as proposed by Sollner (1974).
The protein added to native xanthan was poly-L-lysine, a polypeptide specifically chosen 
for its high pK value (10.2). Thus, as the pH of a 3% xanthan gel is around 6, the amino 
groups of the poly-L-lysine would clearly be protonated. Therefore, the protein-amended 
xanthan would have contained far more positive charge than its native counterpart. 
According to Sollner, the introduction of positive charge into an anion-exclusive polymer 
layer, effectively results in the appearance of pores which are positively-charged and will 
thus permit the passage of anions. Thus, the more protein present, the less anion-exclusive 
the polymer layer behaves. Clearly, this effect was not seen in the case of the addition of 
poly-L-lysine to xanthan. There are two contrasting explanations for this. Firstly, this 
result may be the first evidence obtained in this work to suggest that the theory of anion 
exclusion, as developed by Sollner, cannot be applied to microbial polysaccharides. 
Alternatively, and more likely, the protein-amended xanthan may not represent simply 
native xanthan with additional positive charge. The addition of a simple protein such a 
poly-L-lysine to xanthan may have caused the generation of a completely new gel, with 
properties entirely different from either component. Such specific interactions between 
polypeptides and proteins have been reported in the literature. For example, Bystricky et 
al. (1985) reported a complex reaction between poly-L-lysine and potassium pectate. 
Although no physical or rheological investigations of the protein-amended xanthan were 
made in this study, visually at least, the material looked different to native xanthan. The 
protein appeared to cause aggregation of the xanthan chains to produce a much more 
‘stringy-looking’ gel, almost suggesting a kind of cross-linking reaction between xanthan 
and the protein molecules. Such a specific interaction between two polymers is not 
unusual, especially in the case of xanthan. Synergistic interactions between xanthan and 
galactomannans have been previously documented (Shatwell et al., 1990a). Therefore, 
although the introduction of positive charge into native xanthan by the addition of protein, 
did not reduce the level of anion-exclusion relative to that of the native polymer, it is not 
yet time to dismiss the applicability of xanthan to the theoiy of anion exclusion. Other 
methods must be sought to introduce positive charge into the native molecule. The most
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obvious approach is to chemically aminate xanthan, however, no appropriate methods 
appear in the literature applicable to xanthan.
Finally, all the above studies conducted on xanthan aimed to investigate the influence of 
specific functional groups on anion exclusion by chemically modifying the native molecule. 
It is important to acknowledge that several workers in this field have questioned such an 
approach, mainly on the basis of a lack of certainty that the chemical reaction is not 
affecting other parts of the molecule (Dea, 1987; Betlach et al., 1987). One example of 
how chemical modifications can produce misleading results comes from work by Kuo and 
Mort (1986). These workers used the same procedure as employed in the studies detailed 
here to de-acetylate gellan gum, but noticed that L-glycerate groups were removed in 
addition to O-acetyl residues. Kuo and Mort observed changes in the physical properties 
of the polymer in line with removal of O-acetyls, i.e. an increase in solution viscosity, but 
suggested that the removal of L-glycerate groups rather than O-acetyl residues may have 
been the major cause of the observed physical changes. Kuo and Mort reached this 
conclusion because L-glycerate is bigger than O-acetate, is more abundant in gellan gum 
and is located in a functionally crowded position. Although, such problems are not 
applicable to the studies detailed herein, as the chemical structure of xanthan is fully 
understood, caution must be exercised when chemically modifying molecules where the 
structure is not clearly defined.
In the light of the problems associated with chemical modifications, a number of workers 
have proposed alternative approaches to the study of structure/function relations in 
polysaccharides. For example, Dea (1987) has suggested the use of a series of specific 
enzymes which could degrade particular functional groups on the polymer molecule. 
Although this may seem a wistful approach, an increasing amount of information is 
appearing in the literature on the existence of such specific enzymes (Cadmus et al., 
1982). An alternative approach in the case of xanthan is the use of mutants of X. 
campestris, specifically inactivated in acetylase and ketalase, key enzymes in the synthesis 
of acetylated and pyruvylated xanthan, respectively (Betlach et ah, 1987). However, to the 
best of the author’s knowledge, no such xanthan derivatives are currently commercially
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available. A proven, alternative approach to chemical modification has been the 
physiological manipulation of pyruvate and acetate levels in xanthan by specific changes in 
fermentation conditions (Tait et al., 1986). This approach seems to be the only alternative 
to chemical modification available at the current time. However, a number of workers 
have reported that the physiological manipulation of functional groups in polysaccharides 
tends to yield heterogeneous populations of molecules with different distribution patterns 
of substituents, molecular weight and ultrastructure (Betlach et a l, 1987; Shatwell et al., 
1990c). It is for these reasons that, although the chemical modification of polysaccharide 
structure may not be ideal for the study of specific structure/function relations, it is 
generally considered more accurate and reliable than any other approach currently 
available.
4.3.5. Diffusion Potentials of a Range of Polysaccharides
Studies on chemically modified xanthan gels revealed that the absence of O-acetyl and 
pyruvyl groups significantly increases the anion-exclusive behaviour of this polysaccharide. 
The objective of this study was two-fold. Firstly, to survey a range of chemically diverse 
polymers from different sources to assess how widespread anion exclusion is amongst 
polysaccharides in general. Secondly, as the chemistry of the polymers under investigation 
was reported in Chapter 3, the importance of O-acetyls and pyruvyls to the anion- 
exclusive behaviour of polysaccharides in general could be assessed.
Figure 4.10 shows the diffusion potentials obtained at three different polymer 
concentrations from the range of polysaccharides under study.
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Figure 4.10. Diffusion potentials of a range of polysaccharides.
In general it can be seen that as the polymer concentration increases so does the diffusion 
potential and thus, the level of anion exclusion. However, the relative increase in the 
diffusion potential with increasing polymer concentration varies between polysaccharides. 
The biggest increase was observed for xanthan, but very little increase was seen for 
dextran. One of the underlying reasons for these differential increases may be viscosity. 
Although the relationship between measured viscosity and diffusion potential was not 
examined, some correlation may exist. The changes in viscosity for dextran are very small 
(Jeanes, 1966) compared with xanthan, and this may explain why the diffusion potential of 
some polysaccharides analysed was more dependent on polymer concentration than others. 
However, it is important to realise that viscosity alone cannot explain the differences in 
diffusion potential between polysaccharides. For example, the viscosity of scleroglucan, at 
any given concentration, appeared comparable to that of xanthan, yet the former polymer 
is far less anion-exclusive.
With reference to the data shown in Figure 4.10, of all the polymers examined, xanthan is 
clearly the most anion-exclusive. From the range of polymers examined, xanthan contains 
the highest amount of pyruvyl and the second highest amount of O-acetyl. The 
polysaccharide produced by E. cloacae (C2/4) contains the highest amount of O-acetyl. In
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fact, broadly speaking, the diffusion potential of the different polysaccharides shown in 
Figure 4.10 decreases with declining O-acetyl and pyruvyl content. This result is in clear 
contrast to that obtained for xanthan. There are at least two explanations for this. Firstly, 
the negative relationship between O-acetyl and pyruvyl polymer content and anion 
exclusion, as observed for xanthan, may be specific for this polysaccharide. Secondly, in 
general, the effect of O-acetyls on the diffusion potential in xanthan may be universally 
applicable, but there are so many other known and unknown chemical factors changing 
between the polymers shown in Figure 4.10 that the effects from just one group are 
masked. A similar conclusion to this was drawn by Shatwell et al. (1990b) who found no 
clear pattern in the transition behaviour of a range of xanthan samples each with varying 
degrees of substitution. In relation to the data obtained in this study, for xanthan at least, 
the situation is clear, but the effect of removal or addition of these substituents to other 
polysaccharides is simply not known at present. In consideration of the above and the data 
obtained, some caution is required in concluding from data shown in Figure 4.10 that O- 
acetyl and pyruvyl content is positively related to the degree of anion-exclusive behaviour 
of microbial polysaccharides. In addition, other factors affecting solution conformation 
may contribute to the ability of a polysaccharide to exclude anions, such as 
monosaccharide linkage, structure of repeat unit, charge distribution and presence of other 
functional groups.
In spite of the above comments, the data shown in Figure 4.10 suggests anion exclusion to 
be a common phenomenon of polysaccharides, although, clearly, the degree of anion 
exclusion varies between polymers. None of the gels analysed behaved cation exclusively 
(i.e. diffusion potential <~50 mV) but the anion-exclusive behaviour of dextran was 
negligible. From a theoretical viewpoint, this could be explained by the lack of any charged 
groups on this molecule. Similarly, the comparably low uronic acid contents of guar gum, 
scleroglucan and the A. chroococcum polymer may explain their relatively low anion- 
exclusive behaviour. Certainly, the fact that no polymer with a high level of uronic acids 
was found to show a low level of anion-exclusion, supports the theory of anion exclusion 
as proposed by Sollner.
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4.4. Chapter Summary
The experiments described in this chapter u tilise a novel approach to the study of a new 
phenomenon of microbial polysaccharides. The technique developed can successfully 
measure the perm-selectivity of polysaccharide layers by the detection of an 
electrochemical potential which develops across a polymer layer as a result of the diffusion 
of KCl. The resulting diffusion potentials directly quantify the degree of anion exclusion 
expressed by the polysaccharide layer.
In the experiments conducted, xanthan was used as a model microbial polymer to 
investigate both the physical and chemical factors which affect anion exclusion. Of the 
physical parameters studied, both polysaccharide concentration and polymer layer 
thickness were found to positively affect the degree of anion exclusion. In relation to 
xanthan chemistry, the selective removal of O-acetyl groups increased the level of anion 
exclusion by ~50%. The selective removal of pryruvyls had a similar but less dramatic 
effect. Both effects are believed to be caused by a distinct change in polymer 
conformation, resulting in a greater interaction of carboxyls with diffusing anions. 
Attempts were also made to selectively remove the carboxyl groups from xanthan, but 
were unsuccessful. The effect of introducing positive charge into xanthan was also studied, 
by the addition of poly-L-lysine to the native polymer. However, no significant change in 
anion-exclusive behaviour was observed. This is in clear contrast to the theory of anion 
exclusion.
Finally, the anion-exclusive behaviour of a range of chemically diverse polysaccharides 
was analysed and the results related to the chemistry of these materials. Although, in line 
with the theory of anion exclusion, those polymers containing high levels of negative 
charge showed a high level of anion exclusion, the negative effect of O-acetyls on anion 
exclusion as observed for xanthan, was not detected. Overall, it is concluded that although 
functional groups such as O-acetyls and pyruvyls clearly affect the degree of anion 
exclusion in xanthan, with other polysaccharides additional factors are probably involved 
such as the nature of monosaccharide linkage, structure of the repeat unit and charge 
distribution along the polymer chain.
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CHAPTER 5 
Diffusion of Ions Across Microbial Polysaccharides
5.1. Introduction
Studies described in the previous chapter provide some evidence for the existence of a 
new phenomenon of rhizosphere microbial polysaccharides, known as anion exclusion. 
Investigation of this phenomenon by the measurement of diffusion potentials provides a 
novel and quantitative approach to the study of ion transport in microbial polymers, which 
has facilitated the identification of several physical and chemical parameters which control 
the anion-exclusive behaviour of these materials. The studies reported in this chapter 
primarily aim to support the interpretation of the results obtained by the measurement of 
diffusion potentials. Essentially, the data obtained in Chapter 4 showed that, in the system 
utilised, some microbial polymers produce an increase in the diffusion potential. This 
increase, by the theory and principles of electrochemistry, is considered to be due to a 
restriction in the diffusion of anions only. Furthermore, in order for this interpretation to 
be true, several assumptions have to be made. As discussed in section 4.1.1, some of these 
assumptions may be open to criticism. It is for these reasons that the studies described in 
this chapter focus on the use of a different technique to the measurement of diffusion 
potentials, to investigate the anion-exclusive behaviour of microbial polysaccharides. In 
addition to these comments, the existence of any new phenomenon can only really be 
accepted once a number of different methods have been employed which all provide 
evidence for the existence of that phenomenon.
This chapter is divided into three sections. In the first section, studies are described to 
quantitatively measure the amounts of both and Cl' which diffuse across a layer of 
microbial polymer in a diffusion cell system similar to that employed to measure diffusion 
potentials. As these studies primarily focus on the principle of anion exclusion, the model 
microbial polysaccharide, xanthan, is the only polymer under investigation. It is important 
to acknowledge at the outset that the diffiision cell system used for these studies is not 
ideal, i.e. the volumes of salt solution either side of the polymer layer are not equal and 
neither volume is stirred. However, and most importantly, as the main objective of this
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work was to support the findings of the diffusion potential work, the experimental system 
is similar in design. It could not be identical, mainly because the amounts of and Cl' 
diffusing in the diffusion potential system were not high enough to be detected using the 
techniques of ion analysis available. The various changes made to the diffusion cell system 
are described in Section 5.2.1. In addition to the measurement of the amounts of and 
Cl' diffusing through the system in the presence and absence of a xanthan layer, the ability 
of xanthan to exclude the diffusion of anions in other simple salts is assessed. Of course, in 
the case of the diffusion potential method u tilising Ag/AgCl electrodes, only the relative 
diffusion of Cl' can be examined. However, it is vital, especially in application of these 
data to the rhizosphere, that the ability of microbial polymers to exclude other anions is 
investigated, notably important nutrient anions such as NO3' and P0 4 '^. Finally, in a 
attempt to mimic the complexity of the ionic environment in the rhizosphere, the capacity 
of microbial polymers to exclude anions in the presence of a complex salt solution is 
examined, by allowing a defined plant nutrient solution to diffuse through a xanthan layer.
The second section of this chapter describes studies which essentially function as a prelude 
to the experiments described in the final section. The main impetus of this work was to 
investigate the rate of cation diffusion across anion-exclusive polymer layers, as various 
workers have shown that ‘ideal’ anion-exclusive materials permit a faster rate of cation 
transport than through free solution (Sollner, 1974; Glauser and Jenny, 1960). Naturally, 
the bulk measurement studies conducted in the first section cannot shed any light on this 
possibility, thus a series of measurements, taken at different times over a 90 h period was 
necessary. One of the most elegant techniques available to obtain such data is magnetic 
resonance imaging (MRI), which allows measurements of ionic concentration to be taken 
in situ and non-destructively. The details and principles of this technique are given later. 
However, the method relies on the use of an ionic species which has paramagnetic 
properties (see Section 5.3.1). The cation of choice was Mn^ .^ Hence, as a prelude to the 
MRI study, this section describes experiments which measure the diffusion of MnClz, in 
the presence and absence of a xanthan layer, over time, by setting up a whole series of 
diffusion cell systems and destructively sampling triplicate systems at various times. The 
concentration of Mn^  ^ in each solution either side of the polymer layer was measured 
using nuclear magnetic resonance techniques. Thus, the sensitivity of this method is
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assessed in preparation for the MRI study. For comparative purposes, the experiment was 
repeated using conventional methods of ion analysis with KCl as the diffusing salt. Data 
obtained from these experiments will shed light on the potential application of MRI in a 
non-destructive, non-invasive study of cation transport across microbial polymer layers 
and investigate the effect of time on the anion-exclusive behaviour of microbial 
polysaccharides.
5.2. Diffusion of Salts Across Xanthan
5.2.1. Experimental
A diffusion cell system similar to that used for the measurement of diffusion potentials (see 
Figure 4.1) was set up with the following modifications: compartment A contained 4 ml of 
5 mM KCl; compartment B contained 25 ml of 0.05 mM KCl and was contained within a 
50 ml glass boiling tube. Figure 5.1 shows the diffiision cell system used throughout these 
studies. The only polysaccharide under investigation was xanthan, prepared to a 
concentration of 3% w/v. For each experiment, 16 diffusion cell systems were prepared, 
comprising eight cells containing unimpregnated frits (control systems) and eight cells 
containing xanthan-impregnated frits (xanthan systems). All diffusion cell systems were 
left undisturbed for 90 h at 25°C for diffusion of KCl to proceed down the concentration 
gradient of the cell.
Silicone tube
4 ml Salt solution 5 niM 
(compartment A)
25 ml Salt solution 0.05 uiM 
(compartment B)
50 ml Glass lube
Polymer and mechanical support 
(glass (fit, porosity size 0)
Figure 5.1. Diffusion cell system
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After this time, the silicone tube with KCl solution was removed from each diffusion cell 
by sealing the open end of the tube, thus preventing the displacement of KCl solution with 
air upon removal from the 0.05 mM compartment. The KCl solutions from both the 5 mM 
and 0.05 mM compartments were subsequently analysed for K  ^and Cl" contents.
The experiment was repeated as described above, on three separate occasions, replacing 
KCl with KNO3 , then with KH2PO4  and finally with a complete plant nutrient solution 
(Lynch and White, 1977) of the following composition; KNO3 (4.6 mM); NaNOa (2.3 
mM); Ca(N0a)2*4H20 (1.4 mM); MgS0 4 -7 H2 0  (1.4 mM); KH2PO4  (0.93 mM); 
MnS0 4 -4 H2 0  (34 pM); KCl (13 pM); H3BO3 (8.6 pM); Ferric EDTA (7.9 pM); 
ZnS04*7H20 (0.71 pM); CuS04-5H20 (0.15 pM); (NH4)6Mo7024-4H20 (0.012 pM).
A Perkin Elmer 306 atomic absorption spectrometer was used for K ,^ Ca^  ^ and Mg^  ^
analysis and Russell ion-selective electrodes for the determination of Cl' and NO3 '. PÛ4  ^
levels were measured colorimetrically by the following method.
5.2.1.1. Phosphate Determination
The amount of phosphate present was determined by a modified method of Murphy and 
Riley (1962).
Reagents
2 .5 MH2 SO4
24 mM (NH4)6Mo7024-4H20
0.3 M Ascorbic acid
10.5 mM Potassium antimonyl tartrate
Standard: 10mMKH2PO4
Method
A working reagent was prepared containing the H2 SO4 , ammonium molybdate, ascorbic 
acid and potassium antimonyl tartrate in the ratio 5:2:2:1, respectively. The solution was 
thoroughly mixed after the addition of each reagent. 250 pi of working reagent was added 
to 1.25 ml of test solution containing between 0.1-10 pM phosphate, the mixture vortexed
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and left at room temperature for 10 mins. After this time the absorbance was read at 880 
nm on a Pye Unicam SP8-400 UV/VIS spectrophotometer.
Results of the ion analyses were expressed graphically, in terms of the mean change 
(increase/decrease) in amount of ion present in both the 5 mM and 0.05 mM 
compartments at the end of the experiment compared with the initial value.
5.2.2. Results and Discussion
Figure 5.2 shows the results obtained from the KCl diffusion cell system.
200 -,
oE<
150 -
100  -
"100  -
-150 -
■ K+
■ ci-
-200  -J 5 mM 
com partm ent
0 .05 mM 
com partm ent
C O N TR O L
5 mM 0.05 mM
com partm ent com partm ent
XANTHAN
Figure 5.2. Effect of a xanthan layer on the diffiision of KCl.
As can be seen, after 90 h incubation at 25°C in the absence of a xanthan layer, there was 
a large decrease in the amount of K  ^ retained in the 5 mM compartment. This decrease 
was matched by a corresponding increase in the content of the 0.05 mM compartment 
as the cation diffused down the concentration gradient of the cell. A similar trend was 
found for Cl in the control system, but the amounts of ion diffusing were -40% lower for 
Cr compared with K \ Reasons for this are not completely clear, although the ionic 
mobility of Cf is -4% lower than that of K^  (Koryta, 1991). However, it is doubtful that
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this small difference in mobility between and Cl' can exclusively explain the relative 
differences in amounts diffused. In spite of these differences, it is clear that no significant 
amount of or Cl' was lost in the system and all ions which diffiised out of the 5 mM 
compartment were detected by corresponding increases in the ionic content of the 0.05 
mM compartment. This is an important point and is in fact true in every case, for all salts 
analysed in this study.
As a consequence of the introduction of a layer of xanthan into the diffusion cell system, 
the amount of Cl' which leaves the 5 mM compartment and enters the 0.05 mM 
compartment is dramatically reduced. In fact, the xanthan layer causes -50% reduction in 
the amount of Cl' diffusing relative to the control system. In addition, and most 
importantly, the amount of diffiising through the system is not significantly affected as 
a result of the introduction of a xanthan layer. In fact, a small, although insignificant, 
increase in the amount of leaving the 5 mM compartment can be seen in the xanthan 
system, relative to that of the control. Unfortunately, a corresponding increase in the 
amount of entering the 0.05 mM compartment over the control value could not be 
detected, which would otherwise suggest that microbial polymers increase the rate of 
cation transport relative to that through free aqueous solution. To date, no reports have 
been published which show acidic microbial polymers to permit a faster rate of cation 
transport than through free solution. However, several studies have been reported, 
concerning the diffusion of cations through a functionally analogous medium to microbial 
polymers, colloid sols. For example, Jenny & Overstreet (1939) studied the diffusion of 
Fe^  ^between a Fe-bentonite sol and a H-bentonite sol separated by a 3 mm layer of water. 
It was found that unless intimate contact between the two sols was maintained, a 
negligible amount of Fe^  ^appeared in the H-bentonite sol after 20 h. Similar findings were 
obtained by Glauser and Jenny (1960) using ET and Fe^  ^ Amperplex C-1 membranes 
(Rohm & Haas Co.). In addition, van Schaik et al. (1966), from studies on the diffusion of 
^^ Na^  through layers of bentonite sols, concluded that the amount of exchangeable cation 
that diffused through the clay layer was 3-500x more than that which diffused through an 
equivalent volume of water. All these results indicate that the rate of cation diffusion in 
these colloid sols is far greater than that in free solution. However, whether the same is 
true for microbial polysaccharides is yet to be established.
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With reference to Figure 5.2, it is important to note that despite the fixed negative charge 
(carboxyls) contained within xanthan, no net absorption of was observed as diffused 
through the polymer layer. This was always a concern, and required the content of 
xanthan to be just enough to satisfy each carboxyl on the polymer with an accompanying 
K^ . In fact, this concern was also shared by Sollner (1955), who concluded, from 
theoretical considerations, that in order to experimentally demonstrate the anion-exclusive 
behaviour of polymer layers, the material must first be pre-loaded with sufficient 
counterions to satisfy each fixed charge on the polymer material. As xanthan was supplied 
by the manufacturer as K-xanthate, the correct content of the polymer was set in this 
study by simply dialysing out the excess against ‘Milli-Q’ water. It was assumed that 
exhaustive dialysis was sufficient to remove all the excess K ,^ leaving just enough to 
satisfy each carboxyl with an accompanying K^ . Such a condition was checked by 
comparing the content of dialysed xanthan with the carboxyl content, calculated from 
the pyruvyl and uronic acid data obtained in Chapter 3. It was found that after 36 h 
dialysis, xanthan contained -3 per carboxyl. Although, the dialysed polymer still 
contained three times more than theoretically necessary, the data shown in Figure 5.2, 
clearly indicates, this amount to be roughly correct and not to cause any significant 
absorption or leaching of within the diffusion cell system.
The observation of a 50% reduction in the amount of Cl” diffusing and no change in the 
amount of diffusing through the system as a consequence of the introduction of a 
polysaccharide layer, clearly demonstrates the anion-exclusive behaviour of the model 
microbial polymer, xanthan. These data therefore support the interpretation of the 
diffusion potential work and thus validate this new approach to the study of ion transport 
in microbial polysaccharides. In addition, the results of this study furthers our 
understanding of the principles of anion exclusion. Data obtained from the diffusion 
potential work indicated a degree of anion exclusion, which although quantifiable, gave no 
indication as to whether this exclusion was relative or absolute. The data shown in Figure
5.2 indicates that in a KCl system at least, xanthan restricts the amount of Cl* diffusing by 
-50%, thus the anion exclusion is relative. In the literature, there appears to be far less 
evidence for anion exclusion in polymer layers from studies involving the analysis of ions 
directly, than for studies involving the measurement of diffusion potentials. In fact, to the
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best of the author’s knowledge, there are no published reports which provide evidence of 
polymer layers restricting the diffusion of anions from the direct analysis of ionic 
concentrations.
When the experiment was repeated replacing KCl with KNO3, similar conclusions can be 
drawn (see Figure 5.3) to those found for the KCl system, but in this case, the presence of 
xanthan reduced the amount of NO3' diffusing by just over 70%. The larger reduction in 
amount of NO3' diffusing through the polymer layer compared with Cl in the KCl system 
is probably attributable to the significantly larger hydrated ionic radius of NO3'. This is an 
important observation as it represents the first piece of evidence so far obtained in this 
work that anion exclusion is controlled not only by electrostatic, but steric interactions as 
well. A similar explanation has also been proposed by Dray and Sollner (1956) who, 
although not working with anions, found that differences in the relative amounts of cations 
diffusing through a layer of colloidon appeared to be positively related to relative 
differences in hydrated ion size. This effect may be even more pronounced in water- 
soluble biopolymers, owing to the heteroporosity of these materials in solution, where 
there are generally more pathways available to the smaller ions than the larger ones.
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compartment compartment
XANTHAN
Figure 5.3. Effect of a xanthan layer on the diffusion of KNO3.
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The data shown in Figure 5.3 also suggests that the rate of cation transport through 
xanthan could be greater than through free aqueous solution, as both the amounts of K 
leaving the 5 mM compartment and entering the 0.05 mM compartment are higher than in 
the control system. However, as was the case for KCl, these differences, although 
detectable, are not significant.
Figure 5 .4 shows the effect of xanthan on the diffusion of KH2PO4 in the system studied.
150 -
-100  •
150 -
-200
K*
H2PO,-
5 mM 
com partm ent
0.05 mM 
com partm ent
5 mM 
com partm ent
0.05 mM 
com partm ent
CONTROL XANTHAN
Figure 5.4. Effect of a xanthan layer on the diffusion of KH2PO4.
Firstly, it is important to note that the average pH of the diffusion cell system was - 6 . 
Thus, the majority of phosphate diffusing across the xanthan layer would have been in the 
form H2PO4 This is useful, as according to Barber (1984), H2PO4 is the most common 
form of phosphate in the rhizosphere and thus the most frequently absorbed form of 
phosphate by plant roots. As can be seen from Figure 5.4, the relative retardation of 
H2PO4 in the presence of xanthan is dramatic. In fact, the 3% xanthan layer restricted the 
diffusion of H2PO4 into the 0.05 mM compartment by just over 80% relative to the 
control. It is pertinent to note that of all anions studied here, xanthan showed the highest
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level of anion exclusion, almost absolute, towards phosphate, which is typically the most 
limiting nutrient in the rhizosphere (Waisel et al., 1996). If such high levels of anion 
exclusion occur in the root environment towards phosphates, then the presence of anion- 
exclusive polymers around the root may severely restrict the availability of this important 
nutrient anion to the plant.
Data obtained from the difiusion of a complex ionic solution through the difiusion cell 
system, in the presence and absence of xanthan, shown in Figure 5.5.
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Figure 5.5. Effect of a xanthan layer on the difiusion of a complete plant nutrient solution.
Although not all ions which difiused through the system were analysed, the major ions 
were assessed, especially from a plant nutritional viewpoint. This was an important 
experiment, as Sollner (1950), from his work on colloidon membranes, has suggested that 
in the presence of a mixture of ions, all difiiising at different rates, the anion-exclusive 
behaviour of polymers may break down. This could be especially true when the anion- 
exclusive material under consideration is a water-soluble biopolymer, as the behaviour of 
these materials is inherently sensitive to the qualitative and quantitative nature of the ionic
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environment. For example, the binding of divalent cations to polysaccharides, i.e. Ca^  ^to 
alginate (Grant et ah, 1973), is known to affect the conformation and physical properties 
of the polymer in solution. However, in spite of these concerns, the data shown in Figure 
5.5, shows that the xanthan layer still behaved anion-exclusively upon diffusion of a whole 
range of ions. In fact, xanthan restricted the diffusion of NO3’ by nearly 83% of the control 
value, a significantly higher level of anion exclusion than was found for the diffusion of 
KNO3  (70%). Xanthan restricted the diffusion of H2PO4" in the complex ionic system by 
~80%, a similar level of restriction to that found for the diffusion of KH2PO4  alone. 
Additional observations can also be made fi’om the data shown in Figure 5.5 in relation to 
the diffusion of cations across the xanthan layer. In the system studied, in the presence of 
xanthan, an increase in both the amount of leaving the high concentration compartment 
and entering the low concentration compartment was detected in comparison to the 
control. This result again suggests that anion-exclusive polymer layers can increase 
(although not significantly) the rate of cation transport in comparison with that through 
free aqueous solution. It is also interesting to note that in the case of the xanthan system, 
although a comparable amount of Mg^  ^ leaves the low concentration compartment in 
relation to the control system, a corresponding amount of Mg^  ^does not get through to 
the high concentration compartment. As the only cation contained within the xanthan layer 
was K , and the which entered the low concentration compartment was significantly 
higher than in the control, it is quite possible that the Mg^  ^diffused into the xanthan layer, 
displaced some and irreversibly bound to the polymer. This result is extremely 
interesting, and at the current time, one can only conclude that xanthan selectively binds 
Mg^ .^ This is in contrast to data obtained by Geddie and Sutherland (1993) from studies 
on the uptake of ions in a range of acidic bacterial polysaccharides These workers found 
that in general, Ca^  ^was bound in preference to Mg^ .^ As can be seen in Figure 5.5, no 
significant amount of Ca^  ^ appeared to bind to xanthan, since all the Ca^  ^which left the 
high concentration compartment was detected in the low concentration compartment. 
Interestingly, Geddie and Sutherland were able to show that it was the O-acetyl groups in 
their bacterial polymers which conferred selectivity for Ca^  ^ over Mg^ ,^ whereas the de- 
acetylated forms showed preference for Mg^  ^over Ca^ .^ Why, a preference for Ca^  ^ and 
not Mg^  ^was not found in the studies conducted here with native xanthan, in line with the 
observations of Geddie and Sutherland, is not clear at the present time. But maybe, as was
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suggested in the previous chapter, the mechanism of cation selectivity in bacterial 
polymers is not exclusively controlled by the O-acetyl content. If indeed the O-acetyls 
primarily act to alter polysaccharide conformation, then many other factors may also be of 
influence, e.g. the presence of other interacting ions.
5.3. Diffusion of Simple Salts Across Xanthan as a Function of Time
5.3.1. Introduction
As described earlier, there were two major objectives of this study. Firstly, to assess the 
potential of nuclear magnetic resonance (NMR) techniques for measuring the diffusion of 
cations, non-destructively. Secondly, to investigate whether the rate of cation diffusion is 
faster through anion-exclusive polymer layers than through free aqueous solution. This 
second objective falls neatly into one of the overall objectives of the thesis, i.e. to assess 
the general applicability of the theory of anion exclusion to microbial polysaccharides. As 
the detection of cations by NMR techniques is the main focus of this study, a brief 
overview of the principles involved is deemed appropriate.
All conventional NMR techniques directly measure the relaxation rate of protons in water. 
This relaxation is essentially caused by the loss of magnetisation from the water protons 
following excitation with a pulse of radio frequency radiation in the presence of a 
magnetic field. However, most of the useful information obtained in NMR comes from the 
influence of the immediate environment in which the water protons are contained. Various 
physical conditions and chemical substances present in the sample can dramatically 
influence the relaxation rate of the water protons. The most commonly used chemical 
substances are paramagnetic salts.
Certain metal cations, such as Mn^ % Cu% Fe^ ,^ Fe^  ^and most of the lanthanides possess 
paramagnetic properties. This is essentially due to the presence of unpaired electrons, each 
of which act as a tiny magnet, giving rise to a magnetic field. Naturally, as the relaxation 
rate of proton nuclei is directly related to the strength of an applied magnetic field, the 
presence of other fields will positively affect the relaxation rate. The magnetic moments of
141
the unpaired electrons of paramagnetic ions are ~103 times greater than the nuclear 
magnetic moments of protons (Dwek, 1973), thus the local fields generated by them are 
much greater than those of the surrounding water protons. In general, it is the fluctuation 
of these larger, local fields which leads to an increase in the rate of proton relaxation in a 
typical NMR experiment.
Bloch et al, (1948) were the first to describe the use of a paramagnetic salt, ferric nitrate, 
to enhance the relaxation rate of water protons. The most important finding of this work, 
especially in relation to the studies under consideration here, was that the concentration of 
paramagnetic ion present in the solvent is inversely proportional to both the longitudinal 
(7/) and transverse (7^) proton relaxation rates (see Section 7.1.2 for further details). The 
standard theory relating solvent nuclear relaxation rates in the presence of dissolved 
paramagnetic substances has been developed principally by Bloembergen et al. (1948), 
with additional modifications provided by Solomon (1955) and Eisinger et al. (1961). In 
terms of NMR imaging applications; the focus of the final study in this chapter; Lauterbur 
et al. (1978) were the first to show the feasibility of paramagnetic agents for tissue 
discrimination in NMR imaging, on the basis of differential water proton relaxation times. 
Since these discoveries, paramagnetic substances, or NMR contrasting agents, have been 
and still are extensively used in a whole range of industrial and medical NMR imaging 
techniques. Below briefly describes the specific mechanisms by which paramagnetic ions 
enhance the relaxation of water proton nuclei.
In a dilute solution of a paramagnetic solute, relaxation of the protons is often entirely 
dominated by pair-wise interactions between an unpaired electron spin and the spin of the 
proton nucleus. The strong local fields produced by the electron can be coupled to the 
nuclei by a simple dipole-dipole interaction, or sometimes by a scalar or hyperfine coupling 
transmitted through a chemical bond (which may be transient). These two coupling 
processes are modulated by different, well defined time-dependent processes. The dipolar 
interactions are affected by the correlation time of the Brownian motion, tr, the residence 
time of the nuclear spin in the neighbourhood of the electron spin, %  and the electron 
spin relaxation time, %. Only tm and % modulate the hyperfine interactions (Niccolai et 
al, 1982).
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It is important to realise that in the absence of chemical exchange between the different 
environments experienced by the protons, there is little change in the overall relaxation 
rate. In fact, the relaxation rates of nuclei directly bound to the paramagnetic ion are so 
fast, they are undetectable. Fortunately, the rate of chemical exchange between protons is 
relatively rapid, especially in aqueous environments, thus this chemical exchange carries 
information from the ion coordination sphere to the bulk environment. Lauffer (1987) 
described three distinct types of interaction which may occur between a paramagnetic ion 
and a water molecule, leading to relaxation of the proton nuclei. The two major types of 
interaction are inner-sphere and outer-sphere relaxation. In the former, relaxation results 
from a chemical exchange of a water molecule between the primary coordination sphere of 
the paramagnetic metal ion (or any hydration site near the metal) and the bulk solvent. 
This is in contrast to outer-sphere relaxation, where the water protons are believed to 
relax simply as a result of translational diffusion of water molecules past a paramagnetic 
ion. This type of relaxation mechanism is predominately caused by dipolar interactions, 
with only minor contributions from hyperfine or contact processes. The third type of 
interaction, as defined by Lauffer, lies between these two extremes and is probably 
transient in nature. Relaxation in this interaction is due to exchange between hydrogen- 
bonded water molecules in the second coordination sphere of the paramagnetic ion and 
bulk solvent.
In summary, the addition of a paramagnetic solute causes an increase in both the 
longitudinal and transverse relaxation rates, 1/77 and 1/T?, respectively, of the solvent 
nuclei by the processes described above. It is therefore found that the overall relaxation 
rate in the presence of a paramagnetic ion is simply the sum of the diamagnetic (7y and 77 
relaxation processes) and the paramagnetic (dipolar and hyperfine coupling) contributions.
In the experiments which follow, Mn^  ^was chosen as the sole paramagnetic ion for two 
reasons. Firstly, several workers have reported a precise and sensitive relationship between 
the concentration of Mn^  ^in solution and 1/77 relaxation time (Bloembergen and Morgan, 
1961; Luz and Shulman, 1965). Secondly, Mn^  ^ is a biologically important cation, 
especially in relation to ion uptake by plant root systems. In addition, the chemistry, and 
thus possibly the behaviour, of Mn^  ^is closely related to that of Mg^ ,^ another cation of
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major nutritional importance in the rhizosphere. Mn^  ^thus functioned in these studies as a 
model cation, although it was appreciated at the outset that the interaction of this divalent 
cation with xanthan (and thus transport through the polymer) may be somewhat different 
from the behaviour of K% which has featured as a model cation in several of the earlier 
studies.
5.3.2. Experimental
5.3.2.1. Preparation of Mn-xanthate
As discussed in Section 5.2.2, in order to observe transport of cations through an anion- 
exclusive polymer layer, it is necessary to make the polysaccharide homoionic to the 
cation of interest. As xanthan was supplied as the potassium salt, it was made homoionic 
to manganese by allowing a solution of 3% K-xanthate to equilibrate in the presence of an 
excess of MnC^ for <-5 h at room temperature. The polymer solution was stirred 
throughout. The resultant xanthan was then dialysed against ‘Milli-Q’ water for 36 h and 
lyophilised. The potassium and manganese content of the treated polymer was checked 
using a Perkin Elmer 306 atomic absorption spectrometer.
5.5.2.2. Diffusion cell systems
A series of diffusion cell systems were set up, identical in design to those described in 
Section 5.2.1, but with 5 mM MnCl2  in compartment A, 0.05 mM MnCb in compartment 
B and 3% w/v Mn-xanthate impregnated into the two frits located at the interface between 
the two salt solutions. A number of control diffusion cell systems were also prepared using 
unimpregnated frits.
At 10 hourly intervals over a 90 h period, triplicate diffusion cell systems of each 
treatment were disassembled and the salt solutions removed from each compartment, as 
described in Section 5.2.1. The Cl' content of each solution was determined using Russell 
ion-selective electrodes. Mn^  ^ concentrations were measured by 77 analysis as described 
below.
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Finally, for comparative purposes, the above experiment was repeated, but replacing 
MnCl2  with KCl and Mn-xanthate with dialysed K-xanthate. concentrations were 
measured by atomic absorption spectoscopy.
5.3.2.3. Determination of Mn^  ^concentration by T2 analysis
As discussed earlier, the transverse relaxation rate (T2) of protons is inversely proportional 
to the concentration of the paramagnetic ion Mn^ .^ Firstly, to check this relationship, the 
T2 of a number of MnClz solutions in the concentration range 0-10 mM was measured and 
a standard curve plotted.
For each MnClz solution analysed, a standard NMR glass tube was filled with salt solution 
to a depth of ~15 mm. Each tube was then taken in turn and inserted into the r.f. coil of a 
Resonance Instruments bench-top NMR spectrometer, operating at 20 Mhz. The r.f. coil 
environment was set at a temperature of 20°C. T2 relaxation times were measured by 
application of a conventional CPMG pulse sequence (see Section 7.2.2 for further details). 
For each sample, the r.f. pulse gap, r, was optimised. In general, as the concentration of 
Mn^  ^ present increased, r  was decreased in order to collect enough data from short T2  
samples (i.e. with high Mn^  ^contents). The maximal and minimal rvalues used were 3 and 
0.06 ms, respectively. For every sample analysed, 512 echoes (data points) were collected, 
the pulse sequence repeated 32 times and the echo amplitudes summed. Echo amplitude 
was plotted as a function of time after the initial r.f. pulse and T2 calculated by fitting the 
experimental data to Equation 7.3 (refer to Section 7.2.2 for more information).
5.3.3. Results and Discussion
Figure 5.6 shows the standard curve obtained for Mn^  ^by T2 analysis. Clearly, over the 
concentration range measured, the relationship between the concentration of Mn^  ^ and 
1/72 relaxation time is linear. By regression analysis, the correlation coefficient (r) was 
found to be 0.999997, reflecting an experimentally very accurate and sensitive 
relationship. The data shown in Figure 5.6 clearly indicates the ability of NMR techniques 
to detect changes in concentration of Mn^  ^in aqueous solutions.
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Figure 5.6. Standard curve showing the effect of Mn^  ^concentration 
on the 72 of water protons.
The effect of a layer of 3% xanthan on the diffusion of both Mn^  ^ and Cf out of the high 
concentration compartment (compartment A) over a 90 h period is shown in Figure 5.7.
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Figure 5.7. Effect of a xanthan layer on the diffusion of MnCb from 
compartment A as a function of time.
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As can be seen, in the presence of a xanthan layer, the amount of Cl difihising is generally 
less than in the control system, i.e. through free aqueous solution (assuming the presence 
of glass frits does not significantly affect the rate of ion diffusion in the system). In 
addition, the data shown in Figure 5.7, indicate that in general, the rate of Mn^  ^diffusion 
out of this compartment is relatively unaffected by the presence of a xanthan layer. By the 
observed relative retardation in the amount of anion (Cl ) diffusing and no effect on the 
amount of cation (Mn^ )^ transport, these results provide additional evidence for the anion- 
exclusive behaviour of the model microbial polymer, xanthan. In addition, these time- 
dependent studies shed further light on the mechanism of anion exclusion. It appears, from 
the data shown in Figure 5.7, that the degree of anion exclusion increases with time. In the 
experiment conducted, a differential in Cf concentration between the xanthan and control 
systems was detectable after about 10 h. However, this differential increased by ~6 times 
after 90 h. The data therefore suggest , that in the system analysed at least, as time 
progresses the anion-exclusive behaviour of xanthan appears to increase.
Figure 5 .8 shows the relative increases in concentration of both Mn^  ^ and Cf in the low 
concentration compartment (compartment B) as ions diffuse through either free aqueous 
solution or a layer of xanthan.
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Figure 5.8. Effect of a xanthan layer on the diffusion of MnCb into 
compartment B as a function of time.
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In general, the same trends observed for the high concentration compartment data are 
reflected in the low concentration compartment. Thus, a significant amount of material 
does not appear to be lost from the system, either by absorption to any parts of the 
apparatus or by the xanthan layer. In addition, and most importantly, no material appears 
to have diffused out of the xanthan layer, especially Mn^ .^ This indicates that the ion- 
exchange reaction of for Mn^  ^conducted on xanthan prior to setting up the experiment 
was successful. Further evidence for this comes from separate analysis of the and Mn^  ^
contents of xanthan before and after the exchange reaction. By comparison of these data 
with the carboxyl content of xanthan, as calculated from the pyruvyl and uronic acid data 
obtained in Chapter 3, the number and nature of counterions per carboxyl was determined 
for Mn-xanthate. As a consequence of the exchange reaction, the content of the 
polymer had been reduced by ~98%, effectively providing only one per 144 carboxyl 
groups. However, the modified xanthan contained one Mn^  ^per 3.3 carboj^ls. As Mn^  ^is 
divalent and can be assumed to electrostatically bond with up to two carboxyls, this ratio 
of Mn^  ^ to carboxyls is approximately correct, such that each fixed negative charge is 
electrostatically satisfied with one counterion.
With reference to the data shown in Figure 5.8, it can therefore be seen that the rate of 
increase in Mn^  ^ concentration in the low concentration compartment is generally 
unaffected by the presence of a xanthan layer. However, the rate of increase in Cl" 
concentration is dramatically reduced as a consequence of the introduction of a layer of 
Mn-xanthate. In summary, the data obtained from analyses of both compartments shown 
in Figures 5.7 and 5.8 clearly show xanthan to behave anion-exclusively in the presence of 
MnClz. In addition, the degree of anion exclusion appears to increase with time, indicated 
by the increase in differential between the amounts of Cl" present in both compartments in 
the control and xanthan systems.
It is interesting to note that the substitution of with Mn^  ^in xanthan does not appear to 
affect the ability of this polymer to exclude anions. This may seem surprising, on the basis 
that significant changes in both the quality and quantity of ions, especially divalent ions, 
has been shown by several workers to change the solution conformation of microbial 
polysaccharides (Jeanes et a l, 1961; Grant et al., 1973; Holzwarth, 1976). As
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polysaccharide conformation is believed to significantly affect the anion-exclusive 
behaviour of xanthan (see Chapter 4), one may tentatively suggest that the solution 
conformation of xanthan is not significantly affected by changing the counterion from 
monovalent to divalent. However, further studies must be conducted before any firm 
conclusions can be made on this point.
The experiment conducted with MnCb was repeated using KCl, essentially to compare the 
data obtained using the divalent cation Mn "^ with that of K% the cation of choice for most 
other earlier studies. Figures 5.9 and 5.10 show the data obtained from analysis of the high 
(compartment A) and low (compartment B) concentration compartments, respectively, as 
a function of time.
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Figure 5.9. Effect of a xanthan layer on the diffusion of KCl from 
compartment A as a function of time.
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Figure 5.10. Effect of a xanthan layer on the diffusion of KCl into
compartment B as a function of time.
In contrast to the data obtained for Mn^ ,^ Figure 5.9 shows a significantly larger decrease 
in the content of compartment A over the entire 90 h period in the presence of a 
xanthan layer, than through just aqueous solution (i.e. in the control system). Although a 
corresponding significant increase in the content of compartment B in the presence of 
xanthan relative to the control value was not detected, the data obtained from 
compartment A does suggest, that in the case of at least, the rate of cation transport 
through an anion exclusive polymer layer may be higher than that through aqueous 
solution. It is of interest to consider why a similar trend was not observed in the MnCb 
system, at least from one compartment. There are at least two reasons. Firstly, although 
evidence is now accumulating that, in simple salt systems, it is possible that K^  is 
transported at a faster rate through xanthan than through free aqueous solution, this effect 
may not apply to all cations, or may Just apply to univalent cations. Secondly, as the 
xanthan in the MnCb system was made homoionic to Mn^ ,^ the interaction of this cation 
with xanthan may be different to K% thus resulting in a different mechanism of cation 
transport through the material, which is slower than that found in the case of K-xanthate. 
Notwithstanding this difference between the data obtained from the KCl and MnCb
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systems, most importantly, both systems indicate that in the presence of xanthan, the 
diffusion of the anion. Cl", is significantly retarded. Furthermore, and in keeping with the 
data obtained from the MnCl2  system, the KCl data clearly shows the degree of anion 
exclusion to increase as time progresses.
In summary, the time-dependent diffusion studies conducted in this section, again, 
demonstrate the anion-exclusive behaviour of the model microbial polymer, xanthan. 
However, most importantly, the ability to accurately measure the diffusion of cations 
(Mn^^ across a polysaccharide layer has been demonstrated using conventional NMR 
techniques. These techniques may now be applied in a similar, but in sitn, non-destructive 
study, for a more complete assessment of the effect of microbial polysaccharides on the 
rate of cation transport.
5.4. Diffusion of across Bacterial Polysaccharides by Magnetic 
Resonance Imaging
5.4.1. Introduction
As discussed previously, one of the features of ‘ideal’ anion-exclusive polymers is their 
ability to permit a faster rate of cation transport than through free aqueous solution. The 
bulk measurement studies described in Section 5.2 and the destructive, time-dependent 
measurements made in Section 5.3, certainly suggest that in some cases xanthan 
significantly increases the rate of cation diffusion relative to that of free solution. 
However, in order to investigate this possibility further, a more thorough, in situ, non­
destructive study was undertaken using magnetic resonance imaging (MRI) techniques. 
The data obtained using MRI is also amenable to the determination of cation diffusion 
coefficients in the system under study. As described previously, in order to measure cation 
concentrations using NMR and related techniques, the cation under investigation must 
have paramagnetic properties. As the effect of Mn^  ^ concentration on the T2 relaxation 
time of protons in water had already been characterised in the studies detailed in Section
5.3, Mn^  ^ was chosen as the sole diffusing cation in the system. In order to sensibly 
describe the experimental details of this relatively novel approach to studying ion diffusion
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in bacterial polysaccharides, it is first necessary to provide a brief overview of the relevant 
theory and basic principles of MRI.
5.4.1.1, Basic Theory and Principles of MRI
The overall aim of the experiments under consideration was to measure the concentration 
of Mn^  ^as a function of time, as the cation diffuses down a concentration gradient across 
a bacterial polysaccharide layer. MRI achieves this by essentially exciting the nuclei in 
the sample and recording their rate of spin-spin relaxation (Z )^, which is directly dependent 
on the inverse of the Mn^  ^ concentration. However, because the system under study 
consists of two compartments, containing high and low concentrations of Mn% MRI must 
be able to spatially resolve the NMR signals arising from these two compartments 
simultaneously. How this spatial resolution of NMR signal is achieved is central to the 
theory of MRI.
As is described in detail in Section 7.1.1, the resonant frequency of protons is directly 
proportional to the magnetic field applied. However, if an additional magnetic field 
gradient, Gz, is added to the main field. Bo, along the so-called z-axis, each part of the 
sample along the z-axis will experience a slightly different field strength. Thus, the 
resonant frequency of the protons along the z-axis will change as a direct function of 
displacement along that axis. This situation is illustrated in Figure 5.11.
Bq z-axis
[High [Low 
Polymer layer
Figure 5.11. Direction of magnetic field gradient, G% in relation to sample axis.
Therefore, if the sample is irradiated with an r.f. pulse and an FID (free induction decay) is 
recorded in the presence of Gz, the signal at each frequency will be a projection of the
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signal in the plane at the appropriate location on the z-axis. Hence, by applying a field 
gradient across the sample, the differing resonant frequencies of the precessing protons 
encodes position along the z-axis. In addition, the relative amplitude of signal arising from 
each frequency, corresponds to the spin density at any location along the gradient 
direction. In the imaging experiments described here, the sample is exposed to a 
conventional spin-echo pulse sequence (see Section 7.2.2). The relationship between the 
component pulses applied and gradient field, Gz, is illustrated in Figure 5.12.
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Figure 5.12. One-dimensional spin-echo imaging.
Following application of the 90° pulse at  ^= 0, the nuclei in the sample all precess at the 
Larmor frequency with respect to the constant field. Bo. The gradient, Gz, also known as 
the read or fi^equency-encoding gradient, is then switched on. The nuclei now dephase and 
precess at different rates, under the influence of Gz. This precession is thus position- 
dependent. When this gradient is turned off, the nuclei all begin to precess at the same rate 
as before but are now out of phase with each other. At ? = TE/2 (where TE is time of 
echo) a 180° pulse (twice the duration of a 90° pulse) is applied which subsequently 
rotates all the magnetic moments through 180° and reverses their direction of precession. 
When the read gradient is applied for a second time, the spins rephase and signal is 
received over the time period tacq in the form of a spin-echo. The maximum signal 
amplitude recorded in the echo is received at time t = TE. The echo contains contributions 
fi-om many frequencies, because of the fi*equency dependence on position of the spins in 
the gradient field. The shape of the echo, sampled as a function of time, can be seen as a
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result of interference of the position-dependent contributions from various parts of the 
sample, that all have frequencies within a certain band.
The original frequencies and their relative amplitudes can be obtained from the sampled 
temporal shape of the spin-echo by Fourier analysis. This mathematical manipulation is 
very important in the interpretation of NMR signals in MRI as it permits the time domain 
of the signal to be expressed in terms of frequency. The benefit of this transformation is 
evident in Figure 5.13. The raw data obtained from the NMR spectrometer appears in the 
form of an echo, as in Figure 5.13(a), where the signal intensity is expressed as a function 
of time. However, if this data is Fourier transformed, the time domain can be expressed in 
terms of frequency and, in this case, two separate signals are resolved of differing 
frequency. Figure 5.13(b). In MRI, as frequency is directly dependent on position, 
effectively, two signals are spatially resolved. For completeness of the discussion a 
formal definition of the Fourier transform is:
F{co) = j / ( O  exp(7#f)<# [5.1]
Essentially, this expression enables a time-dependent function f(t) to be analysed in terms 
of its frequency components F(cù). For a more complete description of the Fourier analysis 
of NMR signals the reader is referred to Bracewell (1980).
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Figure 5.13. Fourier transform of an NMR signal in the form of spin 
echoes to give two separate frequency-dependent signals.
As illustrated in Figure 5.13, if the echo is Fourier transformed, the range of frequencies 
present in the sample is obtained. For the sample under study here, basically, two
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frequencies will be resolved, one arising from each of the compartments containing Mn^ .^ 
Thus, the two compartments in the sample can be spatially resolved. However, to 
determine the Mn^  ^ concentration in each compartment at any given time, the imaging 
process must be repeated and echoes collected over a range of echo times, TE (see Figure 
5.12). Such an approach enables the rate of signal decay arising from each compartment to 
be determined and thus permits the determination of the time constant of decay, T2 . By 
this process, the spin-spin relaxation times of the ^H nuclei in each compartment are 
measured over a period of time, and using the standard curve obtained in Section 5.3 of 72 
versus Mn^  ^ concentration, [Mn^ ]^, the diffiision of Mn^  ^ through the system can be 
measured non-destructively. Figure 5.14 gives an overview of this one-dimensional 
imaging process.
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[ 3 c ; ]
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i I
Fourier analysis
I
Process repealed for range of echo limes
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7: 0c ^
Figure 5.14. Summary of one-dimensional imaging process.
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The above provides a relatively simple explanation of the imaging and T2 determination of 
a single sample only. However, in the experiments conducted here, for consistency, more 
than one sample was imaged at once. The above imaging process provides spatial 
resolution in one-dimension only, that of the z-axis. In order to image further samples, 
simultaneously, a further dimension must be added in the %-axis. This second dimension is 
added by including another magnetic field gradient in the imaging process, Gx, across the 
x-axis of the sample. This second gradient is known as the phase-encoding gradient as it 
provides resolution in the x-axis by affecting the relative phase of the ^H nuclei in the 
sample. Figure 5.15 shows the timing of Gx in relation to Gz and the r.f. pulses.
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Figure 5.15. Two-dimensional spin-echo imaging.
As shown in Figure 5.15, Gx has a range of magnitudes and echoes are acquired for each 
phase-encoding gradient in the range. It is the use of a range of phase-encoding gradients 
which provides resolution in the x-axis. As a consequence of applying a range of Gx 
values, a series of echoes are produced. As a result of applying two gradients in the 
imaging process, the resulting echoes contain information on the fi*equency distribution 
and thus the spatial distribution of the spins in both and z and x axes, therefore, a two- 
dimensional image of the ^H spin density in each compartment of each sample can be 
reconstructed. In order to understand the acquisition and formation of a two-dimensional
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image in MRI it is helpful to consider the concept of Ar-space. Mansfield and Grannell 
(1975) introduced the convention of the space vector k, defined as;
k  = (iTrY 'yG t [5.2]
Where G is the applied gradient, ; i^s the magnetogyric ratio and t is time. The ^-vector has 
a magnitude expressed in units of reciprocal space, m '\ and by examination of Equation
5.2 it is clear that ^-space may be traversed by moving either in time or in gradient 
magnitude. However, the direction of traverse is always determined by the direction of the 
gradient. Because two dimensions exist, z and x, ^-space is represented as a system of co­
ordinates, kx and ky, respectively. Figure 5.16 illustrates how echoes are collected in two 
dimensions in A:-space in relation to the imaging sequence as shown in Figure 5.15.
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Figure 5.16. Two-dimensional image acquisition in ^ -space
Between / = 0 and t = TE/2 both Kx and Ky values increase linearly and the space vector, k, 
moves from O to A in Figure 5.16. Since the 180* pulse inverts the sign of the phase, so 
do the signs of Kx and Ky, and the point reached when t = TE/2 is mirrored through the 
origin (point B in the Figure). When the read gradient is switched on, a line with constant 
Ky (line BC) is described in ^-space. During the time that the k  vector moves from B to C, 
data is acquired, tacq, for constant ky. The acquired data(\f% recorded in the form of an echo.
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The spin system is then given time to relax back to equilibrium and the sequence repeated 
with another phase-encode gradient, thus another horizontal line in ^-space is acquired. 
This is repeated until the full A-space is scanned. The resultant echoes in /r-space are 
shown in perspective in Figure 5.17, where Mr represents the signal amplitude.
k.
Figure 5.17. Echo formation in Ar-space for a two-dimensional image.
It is important to realise that although as a result of traversing Kx and Ky^  image resolution 
is obtained in the z and x axes, respectively, traversing Ar-space does not equate to 
traversing the sample, physically in real space. Traversing kx occurs as a function of Gz 
time, and practically, signal is collected from the entire sample in the x-axis. Traversing ky 
occurs as a function of Gx amplitude, and signal is collected from the entire sample in the 
>»-axis. The decrease in maximum signal amplitude observed in Figure 5.17, as Gx is 
increased in either direction occurs as a result of increased dephasing of the spins. When 
Gx = 0, the spins experience little dephasing, thus the received signal amplitude is only 
slightly attenuated. However, when Gx is high, the spins are dephased to a greater extent 
and the signal is far more attenuated upon refocusing and echo formation. In terms of 
image formation, the greater the Gx gradient, the higher the resolution of the image in the 
jV-axis, as neighbouring spins experience more dephasing relative to each other (i.e. have a 
greater difference in frequency of precession, co).
Once a series of echoes has been collected from a sample in two-dimensions, as shown in 
Figure 5.17, a two-dimensional Fourier transform is performed on the data to extract the 
frequency dependent signal amplitudes both in the z and x axes. In the experiments under 
consideration here, the maximum signal amplitude at each frequency, corresponding to 
each sample compartment is recorded and the two-dimensional imaging process repeated 
at a variety of echo times to extract spin-spin relaxation times from each compartment.
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5.4.2. Experimental
5.4 2.1. Polysaccharides and the diffusion cell system
The polysaccharides under study were xanthan and scleroglucan. In order to observe 
diffusion of Mn^  ^through these two polymers, both materials were made homoionic to 
Mn^ ,^ as described previously in Section 5.3.2.1
The diffusion cell system utilised was different from that used in the previous studies, 
primarily because the longitudinal axis of the diffusion cell, for the purposes of MRI, must 
lie in a horizontal plane. The system employed consisted of a hollow Pyrex glass tube 
(length 52 mm, internal diameter 15 mm) with a cylindrical glass frit (porosity size 0, 
thickness, 3 mm) heat-sealed at the centre of the tube. The frit of each tube was filled with 
polysaccharide according to the following technique.
Solutions of each polymer under study were prepared to a concentration of 3% w/v by 
mixing with ‘Milli-Q’ water. An excess of polysaccharide was pipetted onto one surface of 
the glass frit in situ and a negative pressure applied, to draw polymer solution into the 
pores of the frit. This procedure was repeated on the other surface of the frit so that the 
frit pores were completely saturated with polysaccharide. The excess polymer material 
was then thoroughly removed from the inside of the glass tube and frit surface, leaving 
polysaccharide material within the pores of the frit only.
A circular piece of swollen ‘ Visking’ tubing, cut to a size just larger than the diameter of 
the frit, was then placed over each surface of the frit and kept in position with a silicone o- 
ring. The presence of the ‘Visking’ membrane minimised dissolution of polymer material 
into the compartments either side of the glass frit. Both ends of the Pyrex tube were then 
capped with a ‘Suba-seal’.
By injection through the ‘Suba-seals’, one compartment of the diffusion cell system was 
completely filled with a solution of 0. ImM MnCL and the other compartment filled with a 
solution of ImM MnClz. A control diffusion cell system was also set up, where the frit
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contained no polymer material. Figure 5.18 shows the diffusion cell system used in this 
study.
‘Visking’ ‘Suba-seal’
membrane o-iing
[HigliMn2+] [LowMn^^]
Polymer layer
Figure 5.18. Cross-section of the diffusion cell system.
5.4.2.2. NMR imaging and T2 determination
All samples were placed in the core of a 0.5 T whole body MRI system, supplied by 
Surrey Medical Imaging Systems. Over a period of -500 h, at regular time intervals, the 
samples were imaged at nine echo times in the range 20-500 ms, using a conventional 
two-dimensional spin-echo imaging pulse sequence, as shown in Figure 5.16. The r.f. 
pulse length was set at 4 ms and the sequence recycle time (TR) was 5 s. All experiments 
were performed at room temperature. At any one echo time, two sets of 32 images were 
collected and subsequently Fourier transformed to yield two-dimensional images of the 
spin density distribution in all the samples. The total signal intensity of each compartment 
was expressed by summation of all individual images. At each sampling time, this 
procedure thus yielded nine data points from which the T2 relaxation times for each 
compartment could be calculated by fitting to a single exponential decay function. Using 
the calibration curve of [Mn^ ]^ versus HT2 obtained in Section 5.3.3, the concentration of 
Mn^  ^ in each compartment at each sampling time was determined fi'om the T2 relaxation 
times obtained from imaging.
As a check on the accuracy of the imaging system and analysis procedure, standard 
solutions of 0.1 mM and 1 mM MnCl2  were also imaged along with the experimental 
samples. Any changes in the T2 relaxation time of these standards with time was noted.
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5.4.3. Analysis
Figure 5-2.1 shows the change in [Mn^ ]^ as a function of time in each compartment of the 
xanthan, scleroglucan and control systems. The error bars shown in all Figures represent 
the error obtained from fitting the experimental data to a single exponential function to 
determine the T2 relaxation time. The influx and efflux curves shown in Figure 6.1 were 
fitted using a least squares fit to obtain a rate constant, k. For each system under study, a 
mean k value was determined, these are shown in Table 5.1.
According to generalised Fickian diffusion (Crank, 1975), the diffusion coefficient of Mn^  ^
in the experimental system, D, is given by:
0  = ^ ^  [5.3]A
where V is the volume of one compartment, Sx is the thickness of the frit and two Visking 
membranes and A is the effective area in the frit free for diffusion. Thus, by measurement 
of the rate constant, k, and various physical parameters of the experimental system, the 
diffusion coefficient of Mn% D, was calculated for the xanthan, scleroglucan and control 
systems.
Equation 5.4 shows how the diffusion coefQcient of Mn^  ^through the polymer layer itself 
(Ppoiynwr) was determined, given D for the test system, i.e. with polymer (Dtest) and D for 
the control system, i.e. without polymer (Dcontroi)- 
1 1 1
^^polym or ~ ^conlrol
[5.4]
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5.4.4. Results and Discussion
Figure 5.19. Effect of time on the T2 relaxation time of standard MnCb solutions.
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With reference to Figure 5.19, no significant differences in the T2 relaxation time of 
protons in the two standard solutions of Mn^  ^ were observed over a period of -500 h. 
Despite a low level of noise in the 1 mM Mn^  ^sample, the data suggests that the spin-spin 
relaxation time, is constant for any given concentration of Mn^  ^ over the entire running 
time of the experiment.
Figure 5.20 shows how the 7]? relaxation time of protons in each compartment change as a 
function of time (i.e. as diffusion of Mn^ "^  proceeds) for the two polymers under study and 
the control system.
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Figure 5.20. Change in the T2 relaxation time of nuclei as a consequence ofMn^" 
diffusion through a range of polymer layers.
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From the data obtained in the above Figure, it is clear that the spin-spin relaxation time of 
protons is far more sensitive to increases in the [Mn  ^ ] than decreases, as the T2 of the 0.1 
mM compartment decreases more dramatically as Mn^  ^ diffuses into this compartment 
than the T2 increases, as Mn^  ^difffises out of the 1 mM compartment. This feature of the 
data reveals one of the disadvantages of the technique for monitoring the diffusion of ions. 
NMR imaging by T2 analysis is very sensitive from relatively high concentrations of Mn^ " 
(1 mM) downwards but much less sensitive from low concentrations (0.1 mM) upwards. 
Nevertheless, the increase in T2 in the 1 mM Mn^  ^compartment over time is still sufficient 
to plot relatively accurate changes in the Mn^  ^content of this compartment as a function 
of time.
The above view is clearly supported in Figure 5.21 which shows the calculated plots of the 
change in [Mn^ "^ ] in both compartments as a function of time. The heavy lines overlying 
each curve represent a least squares fit, from which the rate constant, k, for each set of 
experimental data was determined.
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Figure 5.21. Change in the concentration of Mn^  ^in both compartments as a consequence 
of Mn^  ^diffusion through a range of polymer layers. (Heavy black lines show least squares 
fit to experimental data).
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As can be seen from Figure 5.21, not all the data within each curve hav^been fitted, as only 
the so-called pseudo-steady state part of each curve can be analysed for the determination 
of a diffusion coefficient (Hannoun and Stephanopoulos, 1986). This pseudo-steady state 
may be defined as the time period when diffusion is the only transport process occurring. 
Hence, in the case of xanthan, data collected in the initial 25 h has not been fitted, as the 
increase in Mn^  ^concentration in the 0.1 mM compartment is far higher than the decrease 
in the 1 mM compartment. Thus, it was assumed that during this time period, Mn^  ^was 
diffusing out of the xanthan layer itself Any such time periods where evidence of net 
absorption or diffusion of Mn^ "^  was observed from the polymer layer, were excluded from 
analysis.
By simply observing the data sets shown for each of the three systems given in Figure 
5.21, it is clear that the rate of Mn^  ^ diffusion through the control system is higher 
compared to the xanthan and scleroglucan systems, which between them, show similar 
rates. These observations are supported by the rate constants, k, determined for each 
system, as shown in Table 5.1. The mean k value for the control system is significantly 
higher, indicating a higher rate of Mn^" diffusion, than the k values calculated for either of 
the systems containing a polymer layer.
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Polymer Mean k value (xlO'  ^s' )^ D (xlO'  ^cm^  s' )^ D p o i y m e r  (xl0‘® Cm^  S'^ )
Xanthan 8.40 ±1.0 1.75 ±0.13 6.46 ±0.48
Scleroglucan 9.40 ±0.8 1.96 ±0.15 10.7 ±0.82
Control 11.5 ±0.5 2.40 ±0.13 N/A
N.B. For all systems studied: V = 3.12 ±0.085 cm^ ; Sx = 0.312 ±0.021 cm; A = 0.467 
±0.039 cm^ .
Table 5.1. Effect of xanthan and scleroglucan on the rate constant, k, and the diffusion 
coefficients, D and Dpoiymer on the diffusion of Mn^ .^
Table 5.1 also shows the calculated diffusion coefficients of Mn^  ^ through each of the 
systems studied. Upon introduction of a xanthan layer, the diffusion coefficient, D, of 
Mn^  ^ through the experimental system appears to drop significantly, to ~27% of the 
control value. This result clearly indicates that, in the system studied here at least, a fixed 
layer of 3% xanthan significantly slows down the rate of Mn^  ^diffusion. If this cation can 
be taken as a model cation, then, these results suggest that xanthan significantly reduces 
the rate of cation transport, relative to that through free aqueous solution.
In relation to the theory of anion exclusion as proposed by Sollner (1974) the rate of 
cation transport through polymer layers should be unaffected or even enhanced, relative to 
that through free solution. The data obtained in this study clearly contrasts these 
expectations of ‘ideal’ anion-exclusive layers. Reasons for this may be numerous, but one 
possibility is a specific interaction between the fixed negative charges on the polymer 
molecules and Mn^ % both in the preparatory phase of the experiment, when the polymers 
were made homoionic to Mn^ ,^ and during the experiment itself. This may explain why 
xanthan slows down the rate of Mn^  ^diffusion far more than scleroglucan, as the former 
polymer may be expected to interact to a greater degree with Mn^  ^ due to it’s higher 
carboxyl content. Any specific interactions between the polymer and Mn^\ may also result 
in a change in solution conformation which in itself, may lead to an increase in tortuosity 
of the polymer matrix, causing a reduction in the diffusion coefficient of Mn^ .^ Irreversible 
binding of Mn^  ^ to the polymer molecule may also explain the observed slower rate of 
Mn^  ^diffusion relative to that through the control system.
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Alternatively, the results obtained in this study may indicate that microbial polysaccharides 
simply do not behave as ‘ideal’ anion-exclusive layers and affect both the rate of cation 
and anion diffusion, although the latter to a much greater degree. However, it is important 
to note that the results presented here do not suggest that microbial polymers are not 
anion-exclusive, they simply indicate that the rate of cation diffusion only is lower in the 
case of Mn^ ,^ relative to that through free aqueous solution.
With reference to Table 5.1, the effect of a 3% layer of scleroglucan on the rate of Mn^  ^
diffusion appears to reduce the diffusion coefficient by ~18% relative to that through the 
control system. The presence of scleroglucan does not appear to have such a significant 
effect on the rate of Mn^  ^diffusion as does xanthan. This may be due to the lower level of 
fixed negative charge on scleroglucan or alternatively, differences in the conformation of 
the two polymers in solution may play a role.
The Dpoiymer cocfficients calculated in Table 5.1 for xanthan and scleroglucan reflect the 
rate of Mn^  ^diffusion through the polymer layers only. As can be seen, the rate of Mn^  ^
diffusion through xanthan is significantly lower (-40%) than that through scleroglucan. 
This reduction in the Dpoiymer coefficient for xanthan may be due to the increased level of 
fixed negative charge of this polymer compared to the relatively neutral charge of 
scleroglucan. However, other factors such as solution conformation and selective binding 
ofMn^^ to xanthan cannot be ruled out at this stage.
The actual diffusion coefficients of Mn^  ^ measured in these studies compare well with 
those calculated from similar studies reported in the literature. For example, Patil et al 
(1993) measured a diffusion coefficient for using a non-MRI based method, known
as the zone-diffusion technique (Amikar et al., 1980). Patil and co-workers actually 
calculated a diffusion coefficient for through a 1% agar layer and found it to be
between 4.5-5.0 xl0‘® cm  ^s"\ This coefficient clearly supports the accuracy of the data 
given in Table 5.1., especially, the Dpo^ mier coefficient calculated for xanthan (6.46 xlO'  ^
cm  ^ s' )^. However, unlike this study, Patil et al. did not compare their diffusion 
coefficients through agar with that through free water. In fact, to the best of the author’s
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knowledge, no other study, especially MRI-based, has attempted to investigate the effect 
of natural polysaccharide chemistry on the rate of cation diffusion.
Other studies do exist in the literature which apply the methods of MRI to study the 
diffusion of Mn^  ^ in porous media. For example, Guiheneuf et al. (1996) measured the 
effect of NaCl concentration on the diffusion coefficient of Mn^  ^ in cured pork by one­
dimensional MRI. However, unlike the studies conducted here, Guiheneuf and co-workers 
utilised the direct relationship of [Mn^ ]^ on 1/7) of protons in the sample and not 1/7), 
probably because the 7) signal arising from the protons in cured pork was too short to be 
of any practical use. In contrast, Guillot et al. (1991) used MRI to study the dispersion of 
Mn2 (EDTA) in a porous system consisting of glass beads. As in this study, Guillot’s group 
worked in the mM range for Mn% as they found this concentration range produced the 
most sensitive and reliable changes in the relaxation time of protons. However, unlike the 
experiments conducted here, Guillot and co-workers argued that they could not accurately 
measure [Mn^ ]^ lower than 0.3 mM due to the progressive dissolution of O2  paramagnetic 
centres into the solution. Such a problem was not encountered in the experiments detailed 
here, possibly because the system employed, once set up, was completely sealed and thus 
relatively impermeable to O2
More recently, Fischer et al (1995) developed an MRI technique to map the two- 
dimensional diffusion of Cu^  ^ in polyacrylamide gels. However, these workers measured 
the [Cu^ ]^ diffusing through gel layers by its effect on 7) and not 7). The rationale for this 
approach was to develop methods for studying the diffusion of paramagnetics in 
heterogeneous media, such as sedimentary rocks, where the 7) is never exclusively 
dependent on ion concentration, due to aberrations in the structure of the material itself.
The application of MRI in studying the rates of ion diffusion in porous media has shown 
great potential over the last few years. Pearl et al (1991) were one of the first groups to 
report on the use of MRI to measure the diffusion of a paramagnetic ion and successively 
demonstrate the imaging principle. Since these early studies, the use of MRI to study 
diffusion has broadened to other fields. For example, Fischer and Hall (1994) developed 
an experimental system for both in vitro and in vivo studies whereby they could measure
169
changes in the pH of an environment by measuring the Tj of water, which was directly 
affected by the concentration of free Cu^ .^ A decrease in pH caused an increase in the 
protonation of EDTA, reducing the extent of Cu-EDTA complexation. Fischer and Hall 
claim their system has many applications, for example, in the sensing of pH regimes in the 
human gastrointestinal system.
An important feature of the work presented here is the successful application of a 
relatively novel technique, i.e. MRI, to measure the rate of ion diffusion through microbial 
polysaccharide layers. The main advantages of the technique over more conventional 
methods of analysis are that it is non-destructive and non-invasive. This will inevitably lead 
to more accurate and complete results than possibly obtainable by other methods. 
However, the technique does have limitations. For example, a paramagnetic ion must be 
chosen as the diffusing species. This may not be a problem for model systems such as 
those under consideration here, however, for studying the rates of ion difihision in more 
natural systems, where living organisms may be present, the use of paramagnetic ions may 
cause toxicity problems. In addition, the relevance of the results obtained using 
paramagnetic ions to natural systems may need to be considered carefully. For example, 
how the diffusion coefficients obtained in this study using Mn^  ^ relate to the diffusion 
coefficient of a major nutrient cation in the soil, such as K ,^ is not known at present, but it 
would be fair to assume them to be different. However, in relation to this problem, Rosett 
et al. (1994) have recently reported a linear dependence of T2 on the [^ N^a"^ ] added to a 
range of polysaccharides (including xanthan). In the future, assuming the magnetic 
susceptibility effects typically associated with the imaging of natural soil samples are 
overcome, imaging the diffusion of indigineous non-paramagnetic ions such as Na^ and 
K ,^ in a biologically active rhizosphere, may be possible by the use of heavy isotopes.
In conclusion, this study clearly demonstrates, that in the case of Mn% xanthan 
significantly reduces the rate of cation transport relative to that through free aqueous 
solution. To a greater extent, xanthan also reduces the rate of Mn^  ^diffusion, relative to 
that through scleroglucan. The ability of xanthan to significantly reduce the rate of Mn^  ^
diffusion may be related to the degree of negative charge this polymer possesses. 
However, how far these observations may be extrapolated to other cations is not known at
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present. The possibility of a specific interaction between Mn^  ^and xanthan cannot be ruled 
out until further data using a variety of cations is available.
5.5. Chapter Summary
By the application of a variety of ion analysis techniques, the studies reported in this 
chapter provide clear evidence that xanthan, a model microbial polysaccharide, behaves 
anion-exclusively under laboratory conditions. The data obtained thus support the 
diffusion potential work described in the previous chapter. In addition, the level of anion 
exclusion for xanthan has been quantified and found not to be absolute, but relative, and 
dependent on the nature of the diffusing anion. Of all anions examined, the degree of 
H2PO4 ' exclusion was found to be highest (~80% of the control value). In relation to a 
rhizosphere environment, these studies clearly suggest that the presence of anion-exclusive 
polymer layers around both roots and bacteria may significantly reduce the availability of 
this important nutrient anion. In addition, experiments reported in this chapter indicate that 
even in a highly complex ionic environment, such as that experienced in the rhizosphere, 
microbial polymers such as xanthan still show a high degree of anion exclusion towards all 
anions examined. The latter studies described in this chapter report the use of a relatively 
novel approach to the study of cation transport through microbial polysaccharides. Studies 
on the diffusion of Mn^  ^by MRI suggest that, in contrast to the theory of anion exclusion, 
microbial polymers may actually slow down the rate of cation transport relative to that 
thiough fiee aqueous solution. However, at the present time, as only the diffusion of Mn^  ^
has been assessed, and some other studies suggest the rate of transport through 
xanthan may be faster than through fiee solution, it remains unclear as to whether, in 
general, anion-exclusive microbial polymers permit a faster rate of cation transport than 
through fiee aqueous solution.
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CHAPTER 6 
Significance of Anion Exclusion in the Rhizosphere
6.1. Introduction
This thesis has so far gathered a substantial amount of information regarding the anion- 
exclusive behaviour of microbial polysaccharides in model systems. However, so far, little 
attention has been focused on the significance of this phenomenon in the rhizosphere. This 
was intentional, for two main reasons. Firstly, the project had to ascertain whether 
microbial polymers behaved anion-exclusively. These initial experiments were thus 
performed using simple model systems. Secondly, this thesis has generally taken a 
‘bottom-up’ approach, i.e. to study the mechanism of anion exclusion in its simplest form 
and then to steadily increase the complexity of the model system in order to mimic 
conditions in the natural soil environment.
This chapter describes studies to assess the significance of anion exclusion within the 
complexity of a real rhizosphere environment. Naturally, one of the biggest and most 
probably, unavoidable problems in working with a natural rhizosphere is that parameters 
exist which are uncontrollable and undefined. Unlike working with model systems, where 
the introduction of one parameter (polysaccharide) changes only one variable, i.e. the rate 
of anion transport through the system; in a rhizosphere environment the introduction of 
polysaccharide may change numerous biotic and abiotic variables, such as soil structure 
and carbon and water availability. Thus, unlike previous studies where the complexity of 
the system could be increased in relatively even steps, here, studies in the rhizosphere 
increase the level of complexity dramatically. Despite these problems, the experiments 
detailed in this chapter attempt to assess the effect of anion exclusion in the rhizosphere on 
the most economically important component, the plant.
The rationale behind the first experiment reported was simply to substitute the natural 
water films present around soil components with films of 3% xanthan. Xanthan-amended 
and unamended soils were then sown with wheat. It is hypothesised that, if, under these 
conditions, anion exclusion still occurs to any significant degree, then growth of the wheat
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seedlings may be affected. The wheat plants thus function as a kind of bioassay. This is 
important, as use of plants differentiates between the mere existence of anion exclusion, as 
measured in previous studies in model systems, and the existence of a degree of anion 
exclusion, which is significant in terms of plant growth. At the end of the experiment, in 
order to investigate whether anion exclusion is a cause of any changes in plant growth, the 
ionic composition of the wheat seedlings was assessed.
The second experiment described essentially acts as a prelude to the final study. Here, a 
range of methods for extracting polysaccharides from soil is assessed. Very few reports 
exist in the literature on the chemical composition of polysaccharides or mucigel found 
naturally in the rhizosphere. Several workers have studied either the composition of 
polymers produced under laboratory conditions by microorganisms isolated from the 
rhizosphere (Clapp and Davis, 1970; Wurst et ah, 1974; Fett et 1989), or plant 
mucilage (Pickett-Heaps, 1968; Floyd and Ohlrogge, 1970; Wright and Northcote, 1976), 
but rarely the mixture of polymers produced naturally in the root environment.
The objective of the final study was to extract polysaccharide material produced in the 
following three distinct areas of a soil environment: bulk soil, rhizosphere soil and the root 
surface. The chemical composition of the extracted materials are then compared in relation 
to polymer substituents, such as 0-acetyls and pyruvyls, identified fi’om previous studies 
to be important in conferring anion exclusion to polysaccharides. Finally, the anion- 
exclusive behaviour of the extracted polysaccharides is assessed by the measurement of 
diffusion potentials and compared with those found for the model microbial 
polysaccharide, xanthan. In relation to root-derived polysaccharides, the anion-exclusive 
behaviour of the model root mucilage Ca-polygalacturonate, as proposed by Gessa and 
Deiana (1992), is also compared.
Although chemical analysis of polysaccharide samples does not require large amounts of 
material, the measurement of diffusion potentials does demand at least milligram quantities 
of polymer. As the polysaccharide content of soils is estimated to be ~0.10% of the total 
soil organic matter (Swincer et a/., 1969; Cheshire, 1979), an efficient method of polymer 
extraction is essential. It was for this reason that the second study described in this chapter
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examines the efficiency of a range of soil polysaccharide extraction methods. The most 
efficient method was then utilised in the final study.
6.2. Effect of Xanthan in Soil on the Growth and Uptake of Ions in 
Wheat
6.2.1. Experimental
6.2.1.1. Preparation of H-xanthate
The essence of this experiment was to examine the effects of replacing the water films in 
soil with a solution of 3% xanthan on plant growth and nutrient uptake. As xanthan is 
supplied commercially as K-xanthate, it was necessary to exchange the potassium for a 
cation of no direct nutritional value to the plant, so that the xanthan-amended soil was of 
the same ionic content as the unamended, control soil. Hence, H-xanthate was prepared 
fi*om K-xanthate by the following method.
In accordance with Jenny’s work (1961) on clays, H-xanthate may be formed jfrom K- 
xanthate by the following reaction:
K-xanthate + HHCO3 (CO  ^+ IÇ) ) ^  ^ H-xanthate + KHCO3
This exchange reaction was achieved by bubbling CO2  through a 400 ml solution of 2% K- 
xanthate for 3 h at room temperature. The polymer solution was stirred throughout. After 
this time, the xanthan gel was dialysed for 36 h against ‘Milli-Q’ water and lyophilised. As 
a check, the resultant xanthate was analysed for potassium content using a Perkin Elmer 
306 atomic absorption spectrometer.
6.2.1.2. Inoculation of Soil with H-xanthate
Xanthan-amended soil samples were prepared as follows. 120 ml of 1% H-xanthate was 
added to 200 g of oven dried, sandy loam soil (obtained from a field under permanent 
pasture at a site in Merrist Wood, Guildford, Surrey; the soil comprised: 81% sand; 10% 
clay; 9% silt; organic content 1.6% w/w) and thoroughly mixed, ensuring any soil clumps 
were broken-up and all soil particles were coated with xanthan solution. These soil
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samples were then left to equilibrate for 5 h at room temperature. After this time, the 
samples were dried in an oven overnight at 100°C, and when cool any clumps broken up 
using a pestle. Each sample was finally rehydrated with 40 ml of distilled water, giving a 
final xanthan concentration of 3%. Each soil sample was mixed thoroughly.
The same procedure as described above was followed in preparation of xanthan- 
unamended soil samples, but replacing the addition of 1% H-xanthate with distilled water.
6.2.1.3. Growth of Wheat
Wheat (cv. Axona) seeds were pre-germinated on moistened filter paper for three days in 
the dark at 20°C. Eight germinated wheat seeds were planted at a depth of '-0.5 cm into 
xanthan-amended or -unamended soil, contained within a microcosm. The microcosms 
used comprised a polystyrene Petri dish base (9 cm diameter) into which was slotted a 
cellulose acetate sleeve of diameter just small enough to sit inside the base of the Petri 
dish. The Petri dish lid was then placed on top of the cellulose acetate sleeve. In total, five 
microcosms were set up containing xanthan-amended soil and five with xanthan- 
unamended soil. The wheat seedlings were left to grow for 12 days under controlled 
conditions (photoperiod 16-8, 25-21 °C, RH 70%, 40 Klx) in a Vindon Scientific growth 
chamber.
6.2.1.4. Analysis of Wheat Seedlings
At the end of the experiment, the wheat seedlings were carefully removed from the soil 
and the roots gently washed under running distilled water. The root and shoot of all plants 
were separated, dried overnight in an oven at 100°C and the dry weights of both root and 
shoot recorded.
The potassium and phosphate content of both root and shoot was determined following 
dry combustion and solubilisation of plant material, according to a method described by 
MAFF/ADAS (1986). Briefly, the organic matter present in each sample was oxidised by 
heating in a muflJe furnace for 24 h at 500°C. The ash remains were then solubilised with 
10 ml of 6 M HCI, thoroughly mixed, and evaporated to dryness in a boiling water bath.
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The residue was subsequently moistened with 2 ml of 4 M HCI, gently boiled for 2 min., 
and the solution diluted with ‘Milli-Q’ water to a final volume of 50 ml. A blank sample 
was also prepared containing no plant material to account for impurities in the reagents 
used.
The potassium content of each sample was determined using a Perkin Elmer 306 atomic 
absorption spectrometer. Phosphate levels were measured by the colorimetric assay 
described in Section 5 .2.1.1.
6.2.2. Results and Discussion
Figure 6.1 shows data obtained from dry weight analyses of wheat seedlings grown in the 
presence and absence of xanthan.
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Figure 6.1. Dry weight analyses of wheat seedlings grown in 
xanthan-amended and unamended soil.
In general, growth in xanthan-amended soil produced plants with both larger shoots and 
roots, in terms of dry mass. More specifically, the increase in dry weight of the shoot was 
-16%, and of the root, just over 58%. This dramatic increase in root growth is illustrated 
in Photographs 6.1 and 6.2, which show root systems of seedlings taken from each 
treatment.
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Photograph 6.1. Root system of a wheat seedling grown in a sandy loam soil.
Photograph 6.2. Root system of a wheat seedling grown in 
xanthan-amended sandy loam soil.
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From observation, there appears to be no gross differences in the overall morphology of 
the root system between the two treatments, simply more root production by those plants 
grown in the presence of xanthan. One conclusion is clear from the data presented; the 
addition of 3% xanthan to soil enhances plant growth, particularly the production of roots. 
However, the correct reasons for this observation may not be so clear cut.
It is important to note that despite the addition of 3% H-xanthate to soil, the pH did not 
appear to be significantly different compared with the control (xanthan-unamended) soil. 
The pH of both soils was measured as 5.1. Presumably, the pH of the soil solution was 
buffered against the addition of extra protons in the form of H-xanthate by the natural soil 
constituents. Therefore, changes in general soil pH cannot be responsible for the observed 
changes in plant growth between treatments, although localised changes in rhizosphere pH 
during growth cannot be excluded as a possibility.
One feasible explanation for the observed increase in the dry weight of plants grown in soil 
with xanthan is apparent if the total nutrient ion content of xanthan-amended soil was 
actually higher than that of the control (unamended) soil. This could have occurred if any 
residual potassium remained in xanthan following the K-H exchange reaction. However, 
the potassium content of xanthan before and after ion exchange was measured and the 
reaction appeared to remove -99.98% potassium, leaving -3.6 pM potassium in H- 
xanthate. As a typical soil solution contains -500 pM potassium (Marschner, 1995), this 
residual potassium content of H-xanthate is considered negligible and thus not able to 
explain the observed increase in growth of the wheat seedlings.
Most researchers in this subject area would interpret the data obtained in Figure 6.1 as 
being due to the ability of acidic polymers to regulate or condition the release of nutrient 
ions into the soil solution for root uptake. Since the 1950s materials such as xanthan, but 
more commonly synthetic polymers, have been shown to improve the growth of plants 
when added directly to soil or more conventionally, mixed with fertilisers. These so-called 
soil conditioners essentially act by increasing the cation exchange capacity (CEC) of soils, 
thus decreasing the proportion of ions free in soil solution. This results in a more 
controlled, gradual release of nutrient ions into the soil aqueous phase for root uptake. For
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example, Magalhaes et al. (1987) found that the addition of a vinyl alcohol-acrylic acid 
copolymer to soil at a range of concentrations significantly increased radish shoot growth. 
In a separate study, the addition of another, comparable polyvinyl-based material was 
shown by Hedrick and Mowry (1952) to significantly improve the growth of radish. 
Similar results were obtained by Mikkelsen et al. (1993) from the addition of a guar-based 
polymer with fertiliser to soil. In this case, the growth of Festuca arundinacea was 
increased by as much as 40% relative to growth in soil where fertiliser only was added.
An additional feature of polymer-amended soils is their ability to reduce the level of 
nutrient ion leaching. Again, this occurs by increasing the proportion of bound ions in the 
soil (i.e. increasing the CEC) by the addition of an acidic polymer. However, some 
workers have not only observed a decrease in the amount of cations leaching from 
polymer-amended soils, but also a reduction in the amount of anions being leached 
(Mikkelsen, 1990; Mikkelsen et al., 1993). Although the reduction in cation leaching is 
simple to explain, very few workers have suggested how these polymer-amended soils 
reduce the level of anion leaching. However, in the light of the findings of this thesis, 
anion exclusion may provide an explanation.
With respect to the data obtained in this study, the observed increase in the growth of 
wheat seedlings in xanthan-amended soil may therefore be explained in terms of an 
improvement in the efficiency of nutrient supply, specifically cations. However, a 
reduction in the leaching of nutrient ions is unable to explain the observed effects obtained 
in this study, as the plants were grown in a relatively small volume of soil, and at the end 
of the experiment the seedlings were essentially pot-bound. Thus, little leaching could 
occur as the ions had very little bulk soil available to leach into.
As pointed out in the introduction to this chapter, one of the biggest problems associated 
with the study of natural rhizospheres is that when one variable in the system is changed 
(i.e. the nature of the aqueous phase in the soil), several parameters are affected and not 
just the one of interest (i.e. ion diffusion). The best established effect of adding polymers 
to soil is to generally improve soil structure, by increasing the amount of aggregation 
(Sherwood and Engibous, 1952; Martin, 1953). This has many positive effects on plant
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growth, such as improved hydraulic conductivity and O2 permeability of the soil. Thus, 
one must take care not to assume that the observed improvements in plant growth are a 
direct and exclusive function of a more efficient nutrient supply, when other physical 
changes in the soil may also play a role. The potential of polysaccharides for improving 
water relations in soil is the subject of study in Chapter 7.
Although the data obtained from dry weight analyses clearly suggests that the addition of 
xanthan to soil improves plant growth, the data obtained from ion analyses of plant 
material from both treatments, suggests a somewhat different conclusion.
Figure 6.2. Potassium and phosphate content of wheat seedlings 
grown in xanthan-amended and unamended soil.
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As can be seen in Figure 6.2, the potassium and phosphate contents of both shoot and root 
are expressed in terms of mg ions per g shoot/root dry weight. These data thus account 
for the observed differences in relative dry matter production between the two treatments. 
As shown in Figure 6.2, the potassium content of the shoot was actually significantly 
higher, by -27%, when grown in soil with xanthan compared to unamended soil. The 
potassium content of the root was not significantly different between treatments.
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However, this clear increase in the potassium content of shoots grown in xanthan- 
amended soil may be pertinent and represent the first piece of evidence so far gathered in 
this thesis that anion exclusion occurs in natural rhizosphere systems. As previously 
mentioned, one of the key features of anion-exclusive materials is their ability to permit a 
faster rate of cation transport than through free aqueous solution. The mechanism 
involved is known as contact exchange and has been well defined and experimentally 
proven by Jenny and Overstreet (1939). Although, to the best of the author’s knowledge, 
no workers in the soil conditioner field have mentioned contact exchange in discussing the 
positive effects of polymers on nutrient supply to roots, this efficient mechanism of cation 
transport may well explain some of their findings. Certainly in the case of the data 
reported here, the positive effects of adding xanthan on plant growth may well be 
explained by a more effective supply of cations to the root, which is clearly reflected in the 
higher potassium content of the shoots grown in xanthan-amended soil.
However, more conclusive evidence for the occurrence of anion exclusion in natural 
rhizospheres is provided by the data obtained fi’om analysis of the phosphate content of 
plants grown in soil with and without xanthan. The phosphate content of the root and 
shoot of those plants grown in xanthan-amended soil was significantly lower than in the 
unamended soil. The difference amounted to -20% for both shoot and root. One of the 
most likely explanations for this result, is that the xanthan polymer, which was assumed to 
substitute the film of water covering all soil particles in the control soil, was behaving 
anion-exclusively in the rhizosphere, restricting the availability of phosphate to the root. 
Thus, despite the plants in the xanthan-amended soil being bigger, the phosphate content 
of these seedlings on a weight for weight basis was lower than that of seedlings grown in 
the control (unamended) soil. Naturally, a definitive conclusion fi*om this data that anion 
exclusion was the major mechanism in operation, is not possible, without assessing the 
levels of other cations and anions within the plant material. Notwithstanding these 
comments, it is important to acknowledge that both potassium and phosphate represent 
major nutrient ions in terms of plant growth.
The data obtained in this study (Figure 6.2) contrast with that of similar studies 
reported in the literature. For example, Martin (1953) analysed the nitrogen, phosphorus
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and potassium content of corn grown under field conditions in soil with and without the 
addition of fertilisers containing polyvinyl-type polymers. These synthetic polymers are 
considered functionally analogous to microbial polysaccharides, such as xanthan. Martin 
found that the addition of these polymers to soil did not significantly affect the uptake of 
any of the ions analysed. In clear contrast to the data obtained in this study, Sherwood and 
Engibous (1952) have reported that in field trials, com grown in synthetic polymer-treated 
soils absorbed more phosphorus than in untreated soil. However, in accordance with the 
data shown in Figure 6.2, Sherwood and Engibous observed no reduction in the amount of 
potassium absorbed by plants grown in polymer-treated soil compared with those grown 
in untreated soil. Data obtained from these published studies clearly provides no evidence 
for the anion-exclusive behaviour of polymers in real soil environments. There may be 
many reasons for this, but, one overriding factor is likely to be that all these workers 
added polymer to soil either as dry granules or in solution. Such methods of application 
cannot possibly provide coverage of all soil particles with a film of polysaccharide. Thus, 
although within the gels themselves anion exclusion may have been in action, a significant 
proportion of the soil solution was free for anions to diffuse from bulk soil to the root 
surface. It is important to realise that a complete or near complete layer of anion-exclusive 
gel must be present between the bulk soil and the root surface in order for anion exclusion 
in the rhizosphere to have any impact. Of course, the presence of the mucigel layer, an 
acidic polysaccharide found at the root/soil interface of all important crop species 
examined to date (Russell, 1977), is believed to provide such a barrier.
Admittedly, from the data obtained in this study, it is not easy to understand why plants 
grown in soil with xanthan produce more dry matter compared with those grown in 
unamended soil, on the grounds that the former plants contain less phosphate weight for 
weight. On this basis it is not clear whether the addition, or even presence, of anion- 
exclusive polymers such as xanthan, in the soil is beneficial or detrimental to plant growth. 
One interpretation of the data presented is that it is clearly beneficial, as the plants grown 
in xanthan-amended soil possessed larger root systems. However, it is important to realise 
that this effect may only be temporary. Several workers (Martin et ah, 1952; Gray, 1981; 
Azzam, 1983; Wallace and Wallace, 1986) have suggested that the most positive effects of 
adding polymers to soil on plant growth only occurs while the plants are relatively young.
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Thus, as growth proceeds and the plants mature, this positive effect could be reversed. 
Certainly, one would not expect those plants containing less phosphate on a weight for 
weight basis, to produce the highest grain yields.
Although anion exclusion appears the most likely explanation for the data shown in Figure
6.2, it is acknowledged that other possibilities exist. Primarily, the addition of xanthan to a 
natural soil may promote microbial activity, essentially due to the presence of another 
additional carbon source. If this is true, then the reduction in availability of phosphate to 
those plants grown in soil with xanthan may be due to an increased uptake of available 
phosphate by the activated microbial population. However, if this is the case, then why 
was the availability of potassium also not reduced. One hypothesis here is that potassium 
was in plentifol supply in the soil under study, thus availability to the plant was not 
significantly affected by a small increase in demand from a microbial population. It is 
certainly true that in most soils, available phosphate is in short supply, thus even a small 
increase in demand, could have a significant effect on availability to plant roots. Of course, 
this whole hypothesis relies on the ability of a soil microflora to utilise xanthan as a carbon 
source. The capacity of soil microorganisms to metabolise polysaccharides has been the 
focus of several studies in recent years. Mikkelsen (1994) found that a soil microbial 
population could degrade naturally-occurring polymers such as guar gum at a much faster 
rate than synthetic materials such as cross-linked polyacrylamide. Mikkleson argued that, 
in general, natural polymers are more readily degraded when added to soil as they contain 
chemical bonds that may be broken through common enzymatic hydrolysis. However, the 
synthetic polymers typically demonstrate much greater resistance to attack, since soil 
microbes have not yet developed the polymer-specific enzymes required for rapid 
decomposition. On the basis of Mikkleson’s data, one might expect xanthan to be rapidly 
decomposed in the soil, thus generating a flush of microbial activity. The range of specific 
enzymes involved in the degradation of polysaccharides has been recently reviewed by 
Sutherland (1995). Interestingly, a series of polysaccharide lyases have been isolated from 
several bacterial genera commonly found in the rhizosphere, such as Pseudomonas, 
Bacillus and Azotobacter. An alginate lyase has even been identified from strains of 
Azotobacter chroococcum (Kennedy et ah, 1992), one of the key polysaccharide- 
producing organisms utilised earlier in this thesis. Several workers have identified enzymes
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which specifically degrade xanthan, of particular interest is one isolated by Lesley (1961) 
from Bacillus sp. isolated from soil. According to Sutherland (1995), the activities of 
enzymes which degrade xanthan include both (3-1,4-D-glucanases (cellulases) and xanthan 
lyases which cleave a specific sequence of side-chain sugars. As cellulases are relatively 
common in soils (Burns, 1978; Deng and Tabatabai, 1994) and xanthan is composed of a 
cellulosic backbone, degradation of this polymer in soil would seem, theoretically at least, 
quite possible. However, according to Rinaudo and Milas (1980) degradation of xanthan 
by cellulases is rare because tins group of enzymes are conventionally prevented from 
attacking the cellulose main chain of xanthan as the trisaccharide side chains offers steric 
protection.
An attempt was made during this work to assess the significance of microbial activity in 
soil on the results obtained, as shown in Figures 6.1 and 6.2. Basically, the experiment as 
described in Section 6.2.1 was repeated, but a duplicate set of treatments was included in 
which the soil was autoclaved, the suirface of the wheat seeds sterilised, and the plants 
grown aseptically. However, plant growth appeared to be more significantly affected by 
autoclaving the soil and/or sterilising the seeds, than the addition of xanthan. Similar 
results were obtained by Martin and Foster (1985). These workers found that steam 
sterilising soil, prior to sowing, significantly reduced the dry weight of wheat roots by just 
over 30%. Martin and Foster suggest these effects may be due to either suppression of 
root growth in autoclaved soil (possibly due to phytotoxin production by the sterilising 
process) or to stimulation of root growth by the indigenous soil microflora. In the case of 
the study described here, a more practical approach to the same aim may be to assess the 
potential of a soil microbial population to metabolise xanthan by the measurement of CO2  
evolution.
In conclusion, it is clear fi"om the data obtained in this study that the addition of xanthan to 
soil, significantly affects plant growth. From dry weight analyses, this effect would appear 
to be positive, but, investigation of the ionic content of the harvested plants, suggests that 
possibly in the long term, the effects may be negative. Certainly, the data obtained from 
ion analyses suggests that the phosphate supply of those plants grown in soil with xanthan, 
was significantly reduced, but, the potassium supply was considerably enhanced. The most
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likely explanation for this result is the anion-exclusive behaviour of xanthan. These data 
therefore provide some evidence that anion exclusion occurs under the physical, chemical 
and biological conditions of a natural rhizosphere environment.
6.3. Extraction of Polysaccharides from Soil by a Range of Methods
6.3.1. Experimental
The efficiency of the following three solutions in the extraction of polysaccharides from 
soil was assessed: 0.5 M Na-acetate buffer; 0.3 M H2 SO4 ; hot (80°C) water. The Na- 
acetate buffer comprised 0.5 M Na-acetate and 1 M Na-azide. The pH of the buffer was 
adjusted to 5.5 using 0.5 M acetic acid.
For each extractant, four 1 1 Duran bottles were filled with 300 g (fresh weight) of sandy 
loam soil (identical to that used in the previous study). 400 ml of extractant was added to 
each Duran. In the case of the Na-acetate and H2 SO4  treatments, each Duran bottle was 
placed on an orbital shaker, rotating at 150 rpm for 24 h at 4°C. In the case of the hot 
water treatment, the Durans were heated in a water bath at 80°C for 24 h. Each sample 
was periodically removed and manually shaken.
After this incubation time, the contents of each Duran bottle were decanted into centrifuge 
tubes, spun at 2,000 g for 15 min. to remove soil particles and the supernatants filtered 
through Whatman No. 1 filter paper to remove organic particulates. At this stage, in the 
case of the H2SO4 treatment, the solution was neutralised using solid NaHCOs. All 
samples were then spun at 16,500 g for 30 mins. to remove precipitates. Samples within 
each treatment were pooled and the solutions concentrated down to a final volume of 100 
ml using an Amicon stirred cell ultrafiltration system, fitted with a cellulose-based filter 
with a molecular weight cut-off of 10,000 Da. In order to avoid interferences in any of the 
colorimetric assays used in analysis, each polysaccharide sample was then made homoionic 
to potassium by the addition of an excess of KCl (~1 g). Each sample was left to 
equilibrate for 5 h at room temperature. The excess ions were then dialysed out against
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‘Milli-Q’ water for 36 h, each sample lyophilised and then re-hydrated with 10 ml of sterile 
‘Milli-Q’ water.
The efficiency of each polysaccharide extractant was assessed by measuring the hexose 
content of the rehydrated polymer samples using the phenol/sulphuric acid assay. The 
chemistry of extracted polysaccharide was also examined by analysis of the 0 -acetyl, 
pyruvyl, uronic acid and protein content of the polymer solutions. The methods used for 
the determination of each chemical substituent analysed, are detailed in Section 3.2.1.
6.3.2. Results and Discussion
The data shown in Figure 6.3 reveal considerable differences in the efficiency of each 
polysaccharide extractant.
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Figure 6.3. Efficiency of polysaccharide extraction from soil using a range of reagents.
It is quite clear that hot water is the most effective extractant, as this solvent yielded the 
greatest quantities of material per unit fresh weight of soil. Na-acetate yielded just under 
95% less polysaccharide than the hot water treatment and H2 SO4 , even less, at just over 
97%. Obviously, for future work, hot water is the extractant of choice. This result
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contrasts the observations of Cheshire (1977) who reported that hot (80°C) water 
extractions were, in general, inefficient for soil polymer extraction. Barker et al. (1965) 
also found that hot water extracted only -8 pg polymer per g soil (fresh weight), this is 
roughly 20x less material than was isolated in this study. Possibly, such differences may be 
attributable, in part, to variations in the organic matter content of different soils.
It is also important to consider the chemistry of polymer material isolated using each of 
the three extractants in this study. Figure 6.4 shows data obtained from chemical analyses 
of the material extracted in each case.
0.25
S  0 .15 -
0.05 -
■  Na ace ta te
■  H2SO4
□  Hot w ater
O-acetyl Pyruvyl Uronic acids
Chemical substituen t
Protein
Figure 6.4. Chemical analysis of polysaccharide extracted from 
soil using different reagents (ND = not determined).
Clearly, the analyses do not provide a complete survey of all chemical components present 
in the material, such as monosaccharides or linkage patterns. However, the functional 
groups perceived to be important in terms of anion exclusion were tested for.
In relation to the absolute values obtained for substituent levels within each polymer 
sample, some similarity exists compared with data obtained in the literature. Although very 
few workers have assayed for 0-acetate or pyruvate in soil polysaccharides, several values 
have been obtained for the uronic acid content of soil polymers. For example, Whistler and
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Kirby (1956) recorded a ratio of carbohydrate to uronic anhydride of about 0.18, obtained 
by water extraction from an Indiana soil. This value is very close to the ratio obtained in 
this study from polymer extracted by hot water (0.16). However, contrasting ratios have 
also been reported. For instance. Duff (1952) obtained a carbohydrate to uronic anhydride 
ratio of 0.4 from a water extracted polymer isolated from a Scottish soil. Other ratios 
found in the literature include, 0.2 and 0.05, also obtained from Scottish soils but by 
NaOH (Forsyth, 1950) and HCI (Cheshire et ah, 1979) extraction, respectively. Black et 
al. (1955) recorded a ratio of 0.06 from a polymer isolated from Scottish peat by 
extraction in HCI (Black et al., 1955), and ratios between 0.35-0.7 were obtained by 
Parsons and Tinsley (1961) by formic acid extraction from a range of soils. Of course, this 
rather large spread of values, compared with those obtained in this study must in part be 
due to extraction from a range of different soil types. On the basis of the data shown in 
Figure 6.4, the type of extractant would appear to change the relative ratios of neutral 
sugars to uronic acids very little.
From the data shown in Figure 6.4, two general trends emerge. Firstly, the substituent 
levels of polymer extracted by Na-acetate and hot water were similar. No data was 
obtained for the O-acetyl content of material extracted by Na-acetate, as of course, the 
extractant itself would have given a positive reading in the assay. With this exception, all 
other substituents did show similar levels between polymers extracted by Na-acetate and 
hot water. Whether this trend is relatively comforting, in that it suggests both methods are 
extracting the true polysaccharide content of soil, or whether both reagents extract by 
similar mechanisms, is not clear at present. The second trend to note is that the content of 
every substituent analysed for polymer extracted with H2SO4, is significantly lower than 
those in polymers isolated by the other two extractants. In every case, the reduction in 
substituent is roughly 40% compared with substituent levels in polymer extracted by both 
Na-acetate and hot water. It is difficult to comment on the significance of these findings. 
Although, it is clear from the point of view of studies on anion exclusion that the 
extractants of choice are either Na-acetate or hot water, as the materials isolated contain 
relatively high levels of each substituent which are believed to affect the anion-exclusive 
behaviour of polysaccharides. Of these two extractants, the use of hot water is preferential 
for studies on anion exclusion, as relatively high yields of polymer can be obtained.
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However, it is of paramount importance to use an extractant which is selective enough, as 
closely as possible, to represent the chemistry of polysaccharides as they appear in situ 
within the soil. From the point of view of anion exclusion, even more important than 
reflecting the true chemistry of soil polysaccharides, is polymer conformation. Evidence 
has already been gathered in this thesis which indicates how solution conformation alone 
can affect anion exclusion (see Section 4.3.4.1). Thus, whichever extractant is chosen for 
use, it must be gentle in action, so as to cause minimal disruption to polymer 
conformation. Notwithstanding these comments, changes in conformation with extraction 
will inevitably occur, for example, as a consequence of removal of polymer from soil 
particle surfaces and in transforming the material to a homoionic state. These types of 
conformational change are unavoidable and at this stage, can only be accepted. However, 
other more serious physical or even chemical changes to the extracted material must be 
kept to a minimum. From the range of extractants utilised, H2 SO4  may potentially be the 
most damaging, possibly hydrolysing the molecule itself. This is an important 
consideration as reference to the literature indicates H2 SO4 to be a key extractant of 
polysaccharides from soil (Barker et al., 1965; Barker et al., 1967). However, to date, 
very few workers have been interested or even aware of the possible physical changes 
which can occur in polysaccharides as a consequence of extraction, or the significance of 
these changes on biological processes.
The reported benefit of using inorganic acids, such as H2SO4, in the extraction of soil 
polysaccharides is that these acids hydrolyse bonds between polysaccharides and humic 
materials, resulting in the isolation of polymers containing low levels of humics (Barker et 
al., 1965). On this basis, the organic acid Na-acetate may be the preferred extractant, 
essentially for its more gentle action. This is certainly one of the most important reasons 
why Na-acetate is used frequently in the extraction of other molecules from soil, such as 
enzymes (Wirth and Wolf, 1992; Naseby and Lynch, 1997), whose activity is also very 
sensitive to changes in the physical state of the molecule. However, as the data shown in 
Figure 6.3 indicates, it is simply impractical to use Na-acetate for extraction of soil 
polymers for subsequent use in anion exclusion studies, as the extractant simply does not 
yield enough polymer with which to work. This therefore leaves hot water extraction as 
the method of choice. This extractant is also considered relatively gentle in action, on the
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basis that xanthan, a model microbial polymer, is stable at temperatures in excess of at 
least 90°C (Holzwarth and Ogletree, 1979; Shatwell et ah, 1990b). However, it is possible 
that during extraction with hot water, hydrolysis of soil polysaccharides takes place. 
Forsyth (1950) found that during autohydrolysis of a soil polysaccharide in distilled water 
in a boiling water bath for 24 h, about 90% of the arabinose and considerable amounts of 
ribose were released, although the temperature of the water in the studies reported here 
was only hot and not boiling. Notwithstanding the possibility of polysaccharide hydrolysis, 
it is highly likely that the use of hot water denatured any proteins present in the extracted 
polymer sample. However, how dénaturation of these proteins will affect the anion- 
exclusive behaviour of the extracted polymer is unclear at the present time.
In conclusion, from the range of extractants tested in this study, hot water has been chosen 
for use in the proceeding study for two reasons. Firstly, hot water extracts at least an 
order of magnitude more polymer material from soil than the other two extractants and is 
thus able to isolate enough material to supply studies on anion exclusion. Secondly, hot 
water is believed to have a relatively gentle extracting action, thus keeping polymer 
conformational changes to a minimum. However, the nature of the proteins extracted 
using hot water will most probably be different from those found in the natural soil 
environment, although, how important these proteins are in affecting the anion-exclusive 
behaviour of sod polysaccharides remains to be seen.
6.4. The Chemistry and Anion-exclusive Behaviour of Polysaccharides 
Extracted from the Rhizosphere of Pea
6.4.1. Experimental
6.4.1.1. Production and Extraction of Rhizosphere Polysaccharides
Sixty microcosms, of identical design to those used in experiments reported in Section
6.2.1.3, were each filled with 200 g (fresh weight) of the same sandy loam soil as used in 
the preceding experiment. Forty microcosms were each sown with eight pea (cv. 
Montana) seeds, which had been allowed to imbibe water for 8 h prior to sowing. The
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other 20 microcosms remained unsown. AH microcosms were maintained in a Vindon 
Scientific plant growth chamber for 21 days under the following conditions: photoperiod 
16-8, 25-2l°C, RH 70%, 40 Klx.
After this time, in the case of the control (unsown) microcosms, the top -1 cm of soil was 
removed and discarded, while the rest of the soil was transferred into a 1 1 Duran. Each 
Duran was filled with -300 g of soil and the total mass of soil collected was recorded. 
This soil was referred to as bulk soil. Rhizosphere soil was obtained fi*om the microcosms 
containing pea plants as follows. The plants were carefully removed from each microcosm 
and all soil not closely associated with the roots was discarded. The remaining volume of 
soil was gently removed from the roots by hand (wearing latex gloves), by gently rolling 
and kneading the root mass to release the soil. This soil was collected and transferred into 
a 1 1 Duran bottle (300 g per Duran) and the total mass of soil collected was noted. The 
remaining plant roots were separated from the shoots and transferred into another 1 1 
Duran bottle (300 g of root material per bottle). The total fresh weight of root material 
collected was recorded. All Duran bottles containing root material were placed on an 
orbital shaker, rotating at 150 rpm for 3 h at 20°C, to physically remove extracellular 
water-soluble polysaccharide from the root surface. After this time, the roots were 
removed from the aqueous solution and discarded. The Duran bottles containing bulk soil, 
rhizosphere soil and polysaccharide extracted from the root surface were placed in a water 
bath at 80°C for 24 h. Each Duran bottle was periodically removed and manually shaken.
After this incubation time, the contents of each Duran bottle were decanted into centrifuge 
tubes, spun at 2,000 g for 15 min. to remove soil particles and the supernatants filtered 
through a Whatman No. 1 filter paper to remove organic particulates. All samples were 
then spun at 16,500 g for 30 mins. to remove precipitates. Samples within each treatment 
were pooled and the solutions concentrated down to a final volume of 100 ml using an 
Amicon ultrafiltration unit, fitted with a cellulose-based filter with a molecular weight cut­
off of 10,000 Da. Each polymer sample was then made homoionic to potassium, as 
previously described (see Section 6.3.1). Excess ions were removed by dialysis against 
‘Milli-Q’ water, each sample lyophilised and the dry mass recorded.
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6.4.1.2. Chemical Analysis of Rhizosphere Polysaccharides
Samples of extracted bulk, rhizosphere and root-surface polysaccharide were hydrated to 
a concentration of 0.1 % w/v in ‘Milli-Q’ water. These polymer solutions were analysed 
for monosaccharides using the phenol/sulphuric acid assay as described in Section 2.2.1.3. 
These data were used, together with the total dry weight yields of extracted polymer and 
the recorded masses of bulk, rhizosphere soil and root material, to calculate the 
polysaccharide content per unit mass fresh weight of soil/root. The O-acetyl, pyruvyl, 
uronic acid and protein content of all three polymer samples was then determined using 
the colorimetric assays described in Section 3.2.1. These data were compared with those 
obtained for the model microbial polymer, xanthan and the model root mucilage, Ca- 
polygalacturonate (Ca-PGA).
6.4.1.3. The Anion-exclusive Behaviour of Rhizosphere Polysaccharides
Samples of extracted bulk, rhizosphere and root-surface polysaccharide were hydrated to 
a concentration of 3% w/v in ‘Milli-Q’ water. The anion-exclusive behaviour of these 
materials was assessed by the measurement of diffusion potentials as described in Section
4.2.1. For comparison, diffusion potentials were also determined for the model microbial 
polymer, xanthan, and the model root mucilage Ca-polygalacturonate (Ca-PGA).
Polygalacturonate was supplied (Sigma Chemical Co.) as the sodium salt. The calcium 
form was prepared by the addition of an excess (~10g) of CaClz to 1% Na- 
polygalacturonate (Na-PGA). The solution was left to equilibrate at room temperature for 
5 h with constant stirring. Excess ions were dialysed out against ‘Milli-Q’ water for 36 h 
and the polysaccharide lyophilised. To investigate the influence of calcium on the anion- 
exclusive behaviour of polygalacturonate, the diffijsion potential of Na-PGA was also 
determined. For all samples analysed, measurements were made in triplicate and mean 
difihision potentials calculated.
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6.4.2. Results and Discussion
6.4.21. Production and Extraction of Rhizosphere Polysaccharides
Figure 6.5 shows the polymer content of a range of soil volumes analysed in this study.
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Figure 6.5. Polymer content of a range of soil volumes.
In general, the polymer content of soil increases as a function of proximity to the root. In 
each soil volume, as the root is approached, there is a significant increase in the polymer 
content of the soil, i.e. from bulk to rhizosphere soil, the increase in polymer content per 
unit mass of soil is -16%, and from rhizosphere to the root-surface, -60%. If it is assumed 
that most of the polymer detected in these soil volumes is produced by microorganisms, 
the increase from bulk to rhizosphere soil is interesting and supports the accepted view 
that microbial activity is enhanced in the rhizosphere (Lynch, 1990). The huge increase in 
the amount of polymer material produced at the root surface is pertinent and most likely 
comprises polysaccharide produced by both microorganisms and plant root, thus 
representing the mucigel layer. Although few workers have actually reported that 
rhizosphere soil contains more microbial polymer than bulk, Lasik et al. (1989) did find 
that the rhizosphere of several grasses contained a larger number of slime-producing
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organisms than bulk soil. Lasik and co-workers also found the root surface to contain an 
even greater number of polymer-producing organisms than rhizosphere soil. Webley et al. 
(1965) found the same relationship between the proportion of polysaccharide-producing 
microorganisms and proximity to the root surface from studies on a range of grasses. 
These observations clearly support the findings of this study, i.e. increasing soil/root 
polymer content with decreasing distance from the root surface.
6.4.2.2. Chemical Analysis of Rhizosphere Polysaccharides
Figure 6.6 shows the substituents levels of polymer extracted from bulk, rhizosphere soil 
and the root surface, together with data obtained from xanthan and Ca-polygalacturonate 
(Ca-PGA), which represent model microbial and plant derived-polymers, respectively.
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Figure 6.6. Chemical analysis of a range of natural and model soil polysaccharides 
(Ca-PGA = Ca-polygalacturonate).
In the case of the polymer samples extracted from soil, one overwhelming trend is 
apparent. For every substituent analysed, the content of that moiety in the polymer 
appears to increase as a function of proximity to the root surface. It is also interesting to 
note that in every case, these increases are significant. However, the content of each 
substituent in the polymer does not increase by the same amount as one approaches the
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root. For example, the 0-acetyl content of material isolated from the root surface is 
roughly twice the 0-acetyl content of rhizosphere polymer, whereas the protein content of 
root surface polymer is about 3x that of rhizosphere polymer. The fact that the levels of 
each moiety in each polymer sample do not increase in proportion, suggests that different 
polymers are being produced by different sets of organisms in each soil volume. 
Furthermore, the relative increases in moiety content are greatest between rhizosphere soil 
and the root-surface, suggesting it is at the surface of roots where the greatest change in 
polymer-producing organisms occurs. This result in itself, certainly suggests that the 
rhizosphere (as defined here) and the root surface are dramatically different environments, 
in terms of polymer production, at least. The most likely explanation for the observed 
differences in chemistry of polymer produced in the rhizosphere and at the root surface is 
that the majority of polymers produced at the root surface are plant-derived. Alternatively, 
two distinct and separate microbial populations may inhabit each volume, or even the same 
microbial communities, but with different physiologies. However, at the current time, this 
is nothing more than speculation.
The extremely high protein content of polymer extracted from the root surface (2.81 
mg/mg hexose) is important to note. In reality what has been isolated from the root 
surface is a protein-based polymer, containing a minor proportion of polysaccharide. This 
finding illustrates, better than any other in this thesis, the critical difference between 
polysaccharide and polymer. From the data obtained in Figure 6.6, the material isolated 
from bulk and rhizosphere soil is undoubtedly polysaccharide, containing a low level of 
protein, but, the material extracted from the root surface is clearly a polymer, about two 
thirds of which is protein and the rest, polysaccharide. How this protein-based polymer 
behaves in terms of anion exclusion is extremely interesting, as the theory of anion 
exclusion (Sollner, 1974) suggests, the more protein present, the lower the degree of 
anion exclusion. In addition, whether the protein identified in each of the three polymer 
samples analysed, is constitutive or contamination is unclear at the present time. This same 
point was recognised in earlier studies on the composition of laboratory-produced 
microbial polysaccharides, and the same arguments apply here as discussed previously (see 
Section 3.2.2.4). Although, in the case of soil polysaccharides, various workers have
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detected both hexosamines (Whistler and Kirby, 1956; Swincer et al.  ^ 1968) and free 
amino acids (Roulet et ah, 1963; Bernier, 1958) in extracted material.
It has been suggested that the root surface polymer is mainly derived from the plant root 
itself and if this is the case, then the data obtained suggests that root-produced polymer 
contains a high level of protein. This is in clear contrast to data obtained by Watt et ah 
(1993), who reported a negligible protein content in maize root-mucilage. Bacic et ah 
(1986) and Chaboud and Rougier (1990) also reported low protein contents from maize 
root mucilage of 6% and 3%, respectively. However, high protein contents have been 
recorded from polymers produced by microorganisms isolated from soil. For example. 
Martens and Frankenberger (1991) reported a protein content of -3 .9 mg protein per mg 
saccharide from a polymer produced by a Pseudomonas sp. under laboratory conditions.
It is important to consider how chemistry of the model polymers, i.e. xanthan and Ca-PGA 
compare with the natural polymers isolated from the different soil volumes. In the case of 
the 0-acetyl content, xanthan, the model microbial polymer, appears to possess roughly an 
order of magnitude more 0-acetate than any of the natural soil polymers. If it is assumed 
that the majority of polysaccharide isolated from bulk Soil and especially rhizosphere is 
microbial in origin, then these data suggest that as far as 0-acetyls are concerned, xanthan 
is not a particularly suitable model soil polysaccharide. However, the pyruvyl contents of 
both rhizosphere and bulk soil, although different, are comparable to that of xanthan. The 
uronic acid contents of bulk and rhizosphere polymer also appear similai' to that of 
xanthan, although the protein contents of the natural polymers are dramatically higher than 
the levels found in xanthan. In general, although differences do exist, xanthan appears to 
share enough similarities with natural soil polymers, to be considered, at least initially, a 
sensible model soil and microbial polysaccharide.
As alluded to earlier, a major proportion of the root surface polymer is most probably 
produced by the plant, in the form of root mucilage. Thus, a comparison here is made 
between Ca-PGA and root surface polymer. As can be seen from Figure 6.6, Ca-PGA is 
quite dissimilar to what was actually found at the root surface. Although, the pyruvyl and 
uronic acid content of these materials are relatively similar, the uronic acid and particularly
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protein levels are dramatically different. The uronic acid content of the root surface 
polymer was ~5x lower than that of Ca-PGA, and the protein content ~100x higher than 
the model polygalacturonate. In relation to chemistry only, there appears to be stark 
differences between model and natural root-produced polymers, assuming, of course, that 
the root surface polymer is in fact mostly produced by the root and the trends of data 
obtained from analyses of pea rhizosphere are applicable to other plant species. This latter 
assumption may largely follow, as although some workers have identified differences in 
the chemistry of root mucilage produced by different species, these differences are not by 
orders of magnitude as was found here (Bacic et al., 1986; Chaboud and Rougier, 1990).
6 4.2.3. The Anion-exclusive behaviour of Rhizosphere Polysaccharides
Figure 6.7 shows the diffusion potentials obtained from 3% samples of all three natural 
soil polymers and for comparison, those obtained from xanthan and Ca- and Na-PGA.
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Figure 6.7. Difrusion potentials obtained from a range of natural 
and model soil polysaccharides (PGA = polygalacturonate).
As can be seen, bulk, rhizosphere and root surface polymer produced relatively high 
difrusion potentials, all significantly higher than that produced from the model microbial 
polymer, xanthan These data therefore indicate that natural polymers extracted from bulk
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and rhizosphere soil and the root surface all show a high degree of anion exclusion under 
laboratory conditions. This is an important finding and enriches our understanding of anion 
exclusion in a natural soil environment. The first study described in this chapter, supplied 
some evidence that provided an anion-exclusive polymer was present in soil, then anion 
exclusion would occur, to a significant degree. The data obtained from this study 
unequivocally show that polymers produced naturally in three distinct areas within a soil 
environment are all highly anion-exclusive, albeit under laboratory conditions. The natural 
progression must now be to investigate the anion-exclusive behaviour of natural soil 
polymers, in situ, and the significance of this behaviour on plant growth. Such a study 
should form the basis of future work.
One interesting finding apparent fi"om the data presented in Figures 6.6 and 6.7 is that the 
gross differences in chemistry of the soil polymers isolated fi'om bulk, rhizosphere soil and 
the root surface do not appear to have a dramatic effect on the anion-exclusive behaviour 
of these materials. Although, one could argue that the slightly lower diffusion potential 
obtained from the bulk soil polymer was due to the lower content of substituents in this 
polymer in comparison with rhizosphere and root surface polymer. What is even more 
interesting is that the incredibly high protein content of the root-surface polymer appears 
to have little effect on the anion-exclusive behaviour. This polymer is essentially two thirds 
protein, yet produces one of the highest diffusion potentials recorded throughout this 
thesis. Two interpretations at least are possible. Firstly, the protein, due to its chemical 
composition and under the conditions tested, may not be positively-charged, thus, 
theoretically at least, could not permit the passage of anions. Alternatively, the polymer 
may be positively-charged, but for reasons not understood at the current time, the material 
still behaves anion-exclusively. One clear conclusion which can be drawn fi'om this result 
is that behaviour of natural soil polymers apparently does not follow the theory of anion 
exclusion as proposed by Sollner (1974), in terms of the effects of introducing positive 
charge into an acidic polymer. In support of this conclusion, xanthan amended with 
protein was also found to behave anion-exclusively (see Section 4.3.4.4).
A further interesting point regarding the anion-exclusive behaviour of the natural soil 
polymers is that, although no quantitative determinations were made, the viscosity of these
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materials was observed to be particularly low compared with that of xanthan. A 3% 
solution of xanthan, appears as a thick gel, which cannot be poured. However, all the 
natural polymer samples, did not appear to have a such a thick, gel-like consistency and 
were pourable. These observations provide additional evidence to that obtained earlier in 
this thesis that the anion-exclusive behaviour of polymers is not exclusively dependent on 
viscosity.
The suitability of xanthan as a model microbial polymer, in terms of anion exclusion 
appears relatively satisfactory. The data shown in Figure 6.7 indicates that the anion- 
exclusive behaviour of both bulk and rhizosphere soil polymers are roughly similar to that 
of xanthan. However, the appropriateness of Ca-PGA as a model plant mucilage in terms 
of anion exclusion, is fai* less certain. The diffusion potential obtained from Ca-PGA was 
considerably lower than that obtained from the root-surface polymer which is assumed to 
comprise mostly root-produced material. In fact, on the basis that the control potential, 
i.e. the potential at which neither anion or cation exclusion is occurring (i.e. '-50 mV), Ca- 
PGA showed very little anion exclusion. This is in clear contrast to the natural mucilage 
extracted from the root surface. As the data shown in Figure 6.6 indicated that the 
chemistry of Ca-PGA is dramatically different from that of the natural material and the 
anion-exclusive behaviour was considerably different, in terms of this study, the overall 
suitability of Ca-PGA as model plant mucilage, as proposed by Gessa and Deiana (1992) 
is certainly doubted. Watt et al. (1993) have also reported concerns on the 
appropriateness of Ca-PGA as a model root mucilage on the basis of chemistry, as the 
actual percentage of pectic polysaccharides in maize root mucilage is relatively low 
compared to its total carbohydrate component (3% and 12% from Bacic et al., 1986 and 
Jones and Morré, 1973, respectively).
From a physical viewpoint, one of the most likely factors which may affect the anion- 
exclusive behaviour of the model plant mucilage, Ca-PGA, is the nature of the counterion. 
It is well known that Ca^  ^ very effectively cross-links polygalacturonate, completely 
changing its physical properties, from a pourable, low viscosity gel, to an almost solid, 
thick paste (Kohn and Larson, 1972). This cross-linking reaction is believed to be due to 
both the divalent nature of Ca^  ^and specific steric interactions between carboxyls on PGA
199
and Ca^  ^(Grant et aL, 1973). As the counterion in all the natural polymer samples was 
the influence of Ca^  ^ on the anion-exclusive properties of PGA was investigated by 
measuring the diffusion potential of Na-PGA. As can be seen in Figure 6,7, the diffusion 
potential of Na-PGA was significantly higher (by ~28%) than that of the Ca-form. 
However, this potential was still considerably lower than that obtained for the natural 
material. This finding indicates that the stark difference between the anion-exclusive 
behaviour of model plant mucilage and the natural polymer, is not just due to the nature of 
the counterion, but also the polymer molecule itself and its associated behaviour.
It is important to comment on the reasons why all soil polymers isolated were made 
homoionic to potassium, as clearly the nature of the counterions in the soil environment 
may significantly change the anion-exclusive behaviour of these materials. The primary 
reason for the ion-exchange step was to prevent interferences in the colorimetric assays, 
specifically the phenol/sulphuric assay fi'om the presence of other ions. McGrath (1973) 
was the first to report that iron compounds, present in soil extracts interfere with the 
analysis of saccharides in the phenol-sulphuric acid assay. Doutre et al, (1978) and more 
recently Martens and Frankenberger (1993) also found that the presence ofNOs", Fe^  ^and 
Cr caused appreciable interferences in both the phenol-sulphuric and anthrone-sulphuric 
assays. Thus, although the natural counterions associated with polymers in soil may 
change their anion-exclusive behaviour in comparison to what was measured here, at least 
the chemical analyses of these materials in this study are as accurate as possible and any 
differences in anion-exclusive behaviour are due to structure of the polymer itself and not 
the nature of associated counterions.
In summary, this study has successfully isolated indigenous polymer material produced in 
bulk, rhizosphere and root surface regions within a natural soil environment. It has been 
shown that dramatically more polymer is produced at the root surface than in the 
rhizosphere or bulk soil. The chemistry of materials isolated from all three soil volumes 
appears distinctly different. As a consequence, these materials may display contrasting 
physico-chemical properties. However, fi'om the point of view of anion exclusion, all three 
polymer samples show particularly high levels of anion exclusion. In accordance with the
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findings of other studies, the data obtained fi'om these experiments suggests that viscosity 
and protein content of microbial and soil polymers does not exclusively control anion 
exclusion. The high levels of anion exclusion observed, under laboratory conditions, in 
polymers extracted from all three soil volumes, certainly suggests that these naturally- 
produced materials may significantly restrict the diffusion of nutrient anions from bulk soil 
to the root surface in real rhizosphere environments.
6.5. Chapter Summary
This chapter described studies to assess the significance of anion exclusion in natural soil 
environments. The findings showed that when an anion-exclusive microbial polysaccharide 
(xanthan) was added to soil, root growth appeared enhanced in wheat seedlings. However, 
while the potassium content of these seedlings was not reduced as a consequence of 
growth in xanthan-amended soil, the phosphate contents were dramatically lower. These 
results suggest that anion exclusion occurs under the natural biological, physical and 
chemical conditions encountered in a typical rhizosphere environment.
Experiments were also conducted on the extraction of polysaccharides fi'om a natural soil 
environment. Of all extractants tested, hot (80°C) water was found to extract the greatest 
amounts of polymer, in quantities which could be used for anion exclusion studies. This 
extractant is also considered to be the least disruptive in terms of polymer chemistiy and 
solution conformation. Polysaccharide material extracted using hot water from bulk, 
rhizosphere and the root surface of pea was found to vary considerably in both quantity 
and substituent content, but not in terms of anion exclusion. All polymer samples isolated 
from soil showed high levels of anion exclusion. These data, suggesting that anion 
exclusion may occur in a real soil environment, and clearly indicating the highly anion- 
exclusive behaviour of natural soil polymers, provide strong evidence that polymeric 
substances produced in soil by both microorganisms and plants can severely restrict the 
availability of important nutrient anions to the cell surface of both microorganisms and 
plant roots in the rhizosphere.
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CHAPTER 7. 
Diffusion of Water in Bacterial Polysaccharides
7.1. Introduction
Data obtained so far in this thesis suggests that microbial polymers, produced in the 
rhizosphere, behave anion-exclusively and this phenomenon may have a significant effect 
on the growth of plants. This chapter attempts to answer the question why?
If microbial polymers, and for that matter plant-derived polymers, behave anion- 
exclusively in soil, restricting the availability of important nutrient anions at the cell 
surface, then why? Why have both microorganisms and plants, over thousands of years 
evolved to produce extracellular polysaccharides winch, effectively, restrict their ability to 
obtain nutrients. This is a pertinent question. It is not only fascinating, but also an 
important question to answer in practical terms. It would be quite feasible, as a 
consequence of the work presented in this thesis, to suggest the engineering or 
manipulation of rhizosphere biota such that polysaccharides were produced with particular 
substituent contents, i.e. low uronic acid and pyruvate contents, so as not to behave anion- 
exclusively. This would seem a constructive approach, especially in current times, where 
engineering of the rhizosphere to the benefit of crop productivity and sustainability is 
currently in vogue (O’Connell et ah, 1996). However, the author has too greater faith in 
Darwinian evolution to make such a hasty suggestion in relation to anion exclusion. What 
if, the properties which affect anion exclusion in polysaccharides, are the exact same 
properties which affect other processes, such as the transport and availability of water to 
microorganisms? In fact, one of the most commonly proposed fimctions of microbial 
polysaccharides in soil is their ability to buffer changes in soil water potential (Dudman, 
1977; Kilbertus et a l, 1979; Bengtsson, 1991; Chenu, 1993), thus protecting rhizosphere 
organisms fi'om both exposure to an excess of water and desiccation. Maybe, the presence 
of various substituents, such as uronic acids and pyruvyl groups increases this buffering 
power of soil polysaccharides. If so, then rliizosphere organisms are faced with an 
interesting problem. The presence of these groups provides a relatively constant supply of 
free water at the cell surface, despite fluctuations in soil water potential with varying
202
environmental stresses. However, the presence of these same groups appears to restrict 
the diffusion and thus availability of nutrient anions at the cell surface. In this situation, 
rhizosphere organisms are faced with an ecological dilemma. The solution, is most 
probably a compromise, based on the significance of each phenomenon to the survival and 
growth of the organism. It is quite likely that in environments such as soil, organisms often 
make such compromises.
As a result of the above hypothesis, this chapter describes a whole range of experiments, 
utilising the techniques of nuclear magnetic resonance, to essentially investigate the effect 
of polymer chemistry and concentration on the interaction and transport, of water in 
microbial polysaccharides. The results presented are discussed in terms of significance to 
water relations in the rhizosphere. As the studies described in this chapter are based on the 
fundamental nuclear magnetic resonance properties of substances, and represent an 
important proportion of the experimental work undertaken in this thesis, a brief review of 
the basic theory of nuclear magnetic resonance and background to some of the techniques 
employed is deemed appropriate.
7.1.1. Theory of Nuclear Magnetic Resonance
In 1945, Purcell and Bloch independently suggested that if a solid is placed in a magnetic 
field of sufficient strength to split the energy states of nuclear spin orientation, an 
absorption of radio frequency energy by the nuclei might be detectable. In 1946, the 
absorption of radio frequency energy by protons in paraffin was detected by Purcell, 
Torrey and Pound. From these early observations a new form of spectroscopy. Nuclear 
Magnetic Resonance (NMR), was developed which has revolutionised our understanding 
of molecular structure and motion, and found applications in many fields of physics, 
chemistry and biology. The fundamental principles of NMR are outlined below.
The particles which make up an atomic nucleus, neutrons and protons, possess a property 
which is described as spin angular momentum. Nuclear structure is complex since the sub­
particles have orbital as well as spin motions which combine together in various ways to 
give resultant spin angular momentum for the nucleus which may or may not be zero. In 
quantum-mechanical terms, the spin angular momentum of nuclei can only have certain
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discrete values, specified by a quantum number, /, which is termed the nuclear spin 
number, which may only have integral of half-integral values. I  is integral for nuclei with 
even mass number, and zero for nuclei with even numbers of both neutrons and protons. 
This is because of the tendency for both neutrons and protons to form pairs in such a way 
that individual spins cancel out. Thus, and have zero spin and do not produce 
NMR signals. However, I  is half-integral for nuclei with odd mass numbers. Nuclei of spin 
1/2, such as ^H, and are particularly important in NMR as these nuclei produce 
high resolution spectra.
Nuclei with spin can be visualised as a spinning motion of the nucleus about its own axis. 
Associated with this spin, the nuclei have magnetic properties by virtue of their electrical 
charge. This nuclear magnetism is analogous to the magnetism generated by an electrical 
current circulating in a small loop of wire. Such a current loop behaves like a small bar 
magnet, and similarly the charged, spinning nucleus can be regarded as a tiny bar magnet, 
rotating about its own axis.
When a nucleus with spin is placed in a static magnetic field. Bo, because it behaves as a 
tiny bar magnet, it aligns itself parallel to the field as this is the orientation of least energy. 
However, because the nucleus possesses angular momentum it will not align exactly 
parallel to the field, but instead will ‘precess’ about the field with a characteristic 
frequency, (o. The direction of precession in relation to Bq can be illustrated in a system of 
Cartesian co-ordinates as shown in Figure 7.1. The processional behaviour of nuclei with 
spin in the presence of a static magnetic field is analogous to that of a spinning gyroscope 
in the earth’s gravitational field. The characteristic frequency with which the magnetic 
dipoles process is known as the Larmor frequency and is directly proportional to the 
strength of the magnetic field applied, by the following equation;
= [7.1]
where œ  is the Larmor fi-equency, B q  is the magnetic field strength and y  is the 
magnetogyric ratio, a proportionality constant differing for each nucleus, which essentially 
measures the strength of the nuclear magnets.
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Figure 7.1. Direction of precession of a nucleus in an applied magnetic field Bq. The heavy 
line indicates the direction of the net magnetic vector. Mo.
Collectively, all the nuclei with spin present in the sample precess about B q  as illustrated in 
Figure 7.1. This results in a net magnetisation vector. Mo, which, at equilibrium, lies 
directly along the z ' of the so-called rotating frame of reference, as shown in Figure 7.2. 
The rotating frame is a fi'ame of reference precessing about z, where z - z '  such that o) is 
stationary. The rotating fi*ame thus simplifies the representation of spinning nuclei in the 
presence of a static magnetic field by effectively eliminating their precession. 
Consideration of the rotating frame explicates any further discussions regarding 
manipulation of the net magnetic vector. Mo, and signal detection. In all subsequent 
discussions the rotating fi*ame of reference only will be considered.
X
Figure 7.2. Direction of the net magnetic vector. Mo, at equilibrium in the rotating frame 
of reference. (The z-axis of the laboratory frame and the z -axis of the rotating fi*ame are 
equivalent.)
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Formation of the net magnetic vector. Mo, along the z ’-axis occurs, essentially, because at 
this equilibrium condition there are always slightly more nuclei oriented with the field than 
against it. To further the develop this concept, the situation is best described in quantum- 
mechanical terms.
The presence of an external static magnetic field on a spin 1/2 nucleus, e.g. ^H, leads to 
the existence of two spin energy states. The spin ‘up’ state, a low energy state, in which 
the nuclear magnetic moment is aligned with the external field, and a spin ‘down’ state, a 
high energy orientation, in which the magnetic moment is aligned opposed to the field. 
This situation can be visualised, as depicted in Figure 7.3. At equilibrium, more nuclei are 
oriented in the low energy state than the high energy state, thus the net magnetisation 
vector. M o ,  is aligned parallel to the field, B q. The relative populations of any system of 
spin energy states can be described by the Boltzmann distribution and application of this 
relationship shows that as Bo increases, so the number of nuclei in the spin ‘up’ state 
relative to the spin ‘down’ state increases. The NMR signal strength thus increases with Bo 
as the sensitivity is dependent on the spin population differences. The energy difference 
between the two spin states is characteristic of the nucleus under study. If an individual 
nucleus moves either up or down an energy state, a quantum of radiation is absorbed or 
emitted, respectively, with a frequency equal to the Larmor Jfrequency of the nucleus under 
study. In NMR, nuclei are forced to emit radiation at the Larmor frequency by exposing 
them to electromagnetic radiation at the Larmor frequency. The frequencies used in NMR 
lie in the radiofrequency range of the electromagnetic spectrum. They are low, typically in 
the range 1-500 MHz, hence they are associated with transitions between energy levels 
that are relatively closely spaced, such as those found in the nucleus.
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Figure 7.3. Possible orientations of a magnetic moment 
in an applied field. Bo, with a nucleus of spin 1/2.
In a conventional NMR experiment, the sample is situated within a static magnetic field 
and is directly surrounded by a transmitter and receiver coil of radiofrequency radiation 
known as an r.f. coil. The magnetic field is always perpendicular in direction to the plane 
of emitted r.f energy from the sample. During an experiment, the r.f coil emits a pulse of 
radiofrequency radiation to excite the nuclei in the sample. The effect of the pulse is to tip 
the net magnetisation vector, Mq, from its equilibrium position along the z ’-axis through an 
angle, determined by the strength or duration of the r.f. pulse. Commonly, the time is 
chosen so that Mo is moved through 90° into the jc ’-plane to lie along the y  ’-axis. This 
pulse is known as a 90°% pulse as it rotates the net magnetic vector. Mo, through 90° about 
the X ’-axis. Following a 90°% pulse, the magnetic dipoles which constitute Mo, precess 
about the z ’-axis. In quantum-mechanical terms, the application of an r.f. pulse causes an 
energy disequilibrium within the spin population and a larger proportion of nuclei now 
reside in the high energy state. The precession of Mo induces a signal in the r.f. coil. This 
signal is then amplified and produces a recognisable NMR signal on the spectrometer. The 
mechanisms by which the signal decays, i.e. the nuclei loose energy and ‘relax’ back to 
their equilibrium position, and the time constants of decay, form the basis of all NMR 
studies on molecular motion.
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7.1,2. NMR Relaxation Processes
The mechanisms by which the net magnetic vector returns to its equilibrium position 
following an r.f pulse were first described by Bloch (1946) and are divided into two 
distinct types, Ti and T2 relaxation.
7.1.2.1. Ti Relaxation
Spin-lattice, longitudinal or Ti relaxation governs return of the magnetisation vector to the 
equilibrium position along the z -axis. The time constant, 7), is determined by the rate at 
which the spins can exchange their newly acquired energy with the surrounding 
environment or lattice. This relaxation arises from fluctuating local magnetic fields at the 
Larmor frequency caused by lattice motions (e.g. atomic vibrations in a solid lattice, or 
molecular tumbling in liquids and gases). The return of the magnetisation vector to its 
original value along the z-axis is assumed and has been measured to be exponential in 
time. Ti varies greatly, being some 10 '^  to 10'^  s for solids and lO"'^  to 10 s for liquids, the 
overall longer times for liquids being due to the greater freedom of molecular movement 
leading to negligible dipole-dipole interactions between neighbouring nuclei.
7.1.2.2. T2 Relaxation
Following excitation of the nuclei in the sample with a 90% pulse, the current induced in 
the r.f. coil dies out after some time and the measured signal received in the transverse 
plane is called the Free Induction Decay or FID. This signal decays due to T2 relaxation 
processes. Spin-spin, transverse or T2 relaxation is defined as a loss of coherence of the 
precessing magnetisation components. The process is caused by the mutual exchange of 
magnetisation within the spin ensemble and unlike 7), involves no energy transfer into the 
lattice. For solids 73 is usually very short, of the order 10'^  s, while for pure liquids 73 » 7).
The measurement of 7) and 73 are used to provide important information on both the 
molecular environment and motional properties of the spins. Central to the usefulness of 
NMR and imaging procedures is the fact that similar nuclei in different molecular 
environments have differing spin-spin and spin-lattice relaxation times. Long 7) and 73 
times are typically associated with nuclei which possess a relatively high degree of freedom 
and mobility within their molecular environment, such as in pure water. Short 7) and 73
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times characterise nuclei which have a much more restricted molecular mobility, for 
example solids or polymer solutions of low water content. The main reason for the shorter 
Ti and 73 times of solids compared to liquids, relates to the fact that any nucleus which 
possesses a magnetic moment, generates a localised magnetic field. The closer the 
magnetic moments are to each other, like in solids, the stronger the dipolar interaction 
between neighbouring nuclei. These dipolar interactions cause the magnetisation signal 
from the sample to decay a lot faster. Hence, solids have shorter 7} and 73 times as their 
resonating nuclei are more closely spaced, resulting in a more rapid loss of signal.
7.2, Determination of 23 and 23 Relaxation Times in Xanthan Solutions
7.2.1. Measurement of Ti
The major problem in measuring 7} is that the signal only decays with this time constant in 
the z '-axis, the direction of the magnetic field, and NMR experiments only detect 
magnetisation in the transverse plane, where the signal decays with 23. This problem is 
generally overcome by application of the inversion recovery technique. The method is 
illustrated in Figure 7.4.
Initially, the net magnetisation vector. Mo is aligned with the direction of the magnetic 
field. Bo (Figure 7.4, a). An r.f. pulse is applied to the sample, of sufficient strength or 
duration to completely invert the magnetisation vector, so subjecting the system to the 
most severe disturbance from equilibrium. Spin-lattice relaxation then proceeds for a 
period of time, z, causing the spins to loose coherence and dephase in the z -axis (Figure
7.4, b). A 90% pulse is then applied which tips the remaining magnetisation through 90°, 
so it lies along the y  -axis (Figure 7.4, c). The resulting magnetisation is then measured 
over time as a free induction decay or FID. This pulse sequence is then repeated for 
varying periods of time, z. The signal amplitude, S, is described by the following 
relationship, from which the time constant 7) can be calculated:
l -2 ex p l-^ [7.2]
where So is the initial signal amplitude.
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Figure 7.4. The inversion recovery sequence.
7,2.2. Measurement of T2
As described earlier, following application of a 90°x pulse, the nuclei in the transverse 
plane decay, producing an FED which has the characteristic time constant, T2 . However, 
the signal only decays with T2 in the presence of a perfectly homogeneous field and 
sample. In practise, the inevitable presence of an inhomogeneous applied field causes the 
magnetisation to decay with an effective constant which includes the additional loss of 
coherence in the transverse plane caused by the differing precession rates of the 
magnetisation vectors due to the variation in field across the sample. Typically, 7^* < 7^ , 
especially for long T2 systems. Because of this inhomogeneity problem it is usual not to 
use the FID itself to measure the T2 of the sample, but to rephase the loss of coherence 
caused by the magnetic field inhomogeneity and observe the signal in the form of a spin- 
echo. Spin-echoes were originally observed by Hahn (1950). The most common pulse
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sequence used for the production of spin-echoes was first proposed by Carr and Purcell 
(1954), with later modifications added by Meiboom and Gill (1958), the so-called CPMG 
sequence. The production of spin-echoes in the CPMG sequence is illustrated in Figure
7.5.
Mf
Mr
spin echo
Figure 7.5. The CPMG sequence.
Following the application of an initial 90°x pulse, the spins lie along the -axis (Figure 7.5, 
a). The spins in each part of the sample then precess at differing frequencies due to Bo 
inhomogeneity, and thus dephase, resulting in 7^* decay (Figure 7.5, b). A period of time, 
T, after the initial pulse, a second r.f. pulse is applied along the y  -axis. This pulse is of 
sufficient power or duration to rotate each spin isochromat through 180° about the '-axis 
(and is thus labelled a 180°y pulse). The spins are now oriented such that if a spin 
precessed an angle 0 away from the y  -axis during the first time interval r, it will now 
precess thiough an angle ^ towards it in the second r  time interval (Figure 7.5, c). The
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result is that at time 2rthe spins once again rephase, producing a spin-echo which has an 
amplitude independent of effects (Figure 7.5, d). Further application of 180° y  pulses in 
the sequence leads to the creation of more spin-echoes. In the absence of other dephasing 
processes the maximum amplitude of these echoes, S, can be used to evaluate T2 for the 
sample according to the following expression:
5’ = S'„exp^ [7.3]
where So is the initial echo amplitude and t is time after 90% pulse.
It is important to note that static field inhomogeneity and T2 relaxation are not the sole
contributors of echo intensity loss with time in the CPMG sequence. In addition, in liquids, 
an additional loss of transverse coherence may occur due to the diffusion of the nuclear 
spins into areas of different static magnetic fields. This effect is a useful one and will form 
the basis of self-diffiision measurements described in a later section of this chapter.
7.2.3. Experimental
A range of equilibrated xanthan polymer concentrations were prepared (0-90%) by mixing 
with ‘Milli-Q’ water. For each concentration, a standard NMR glass tube was filled with 
polymer solution to a depth of ~15 mm. Each tube was then taken in turn and inserted into 
the r.f. coil of a Resonance Instruments bench-top NMR spectrometer, operating at 20
Mhz. The r.f. coil environment was set at a temperature of 20°C.
7 2.3.1. Tj Measurements
For the measurement of 7), each sample was scanned by application of a standard 
inversion recovery pulse sequence. The sequence was repeated 32 times and the signal 
amplitude expressed by summation of the individual scans. The time period, r, between the 
180% and 90% pulse was then increased by 100 ms and the procedure repeated. Signal 
amplitude was recorded as a function of t  and Tj calculated by fitting the data to equation
7.2. Measurements of 7) were also made on three samples of differing xanthan 
concentration, prepared by mixing polymer with D2 O instead of H2 O. Figure 7.7 shows
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the effect of xanthan concentration and replacement of deuterons with protons in water on 
the measured Ti relaxation times.
7.Z.3.2. T2 Measurements
T2  relaxation times were measured by application of a conventional CPMG pulse 
sequence. For each sample, r  was set at 200 {.is and 512 echoes were collected. The 
sequence was repeated 32 times and the echo amplitudes summed. Echo amplitude was 
plotted as a fonction of time after the 90% pulse, and T2 calculated by fitting the 
experimental data to Equation 7.3. T2 measurements were made at a range of xanthan 
concentrations.
However, it was important to realise that this calculated T2 relaxation time represented an 
average for the whole system, and this single decay could also be described by two 
separate exponential decays, each with its own time constant, T2 . Thus, by fitting two 
exponentials, of the form given in equation 7.3, to the experimental data, one could 
resolve two components in the xanthan solution relaxing with different T2 times. A short 
T2 component, was assigned to the relaxation of the polymer and a long T2  component to 
the relaxation of water. Figure 7.6 illustrates this principle and indicates that the signal 
amplitudes of the respective components can be also be determined from fitting two 
exponentials. The relative signal amplitudes of the two components should correspond to 
the proportion of xanthan and water hydrogen in each polymer solution under study. Thus, 
by fitting two exponentials to the experimental data, the effect of xanthan concentration on 
the T2 relaxation times of the polymer and water components can be analysed. Not only is 
this useful in understanding the effect of polysaccharides on the mobility of water but this 
information is also required for the determination of the self diffosion coefficient of water 
in the polymer, as described later. T2 relaxation times, by two-component fitting, were also 
determined for a range of D20-xanthan samples.
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Figure 7.6. Fitting of two components to CPMG data.
7.2.4. Results and Discussion
7.2.4.1. Ti Measurements
Figure 7.7. Effect of xanthan concentration on 7y in H2 O and D2 O solutions. 
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As seen in Figure 1.1, in the case of the xanthan-HiO mix, as the polymer concentration 
increases, the Ti of the xanthan solution decreases exponentially. As suggested earlier, the 
Ti relaxation time of materials directly relates to the mobility of the nucleus under study. 
In these experiments, pulses of r.f. radiation were applied to the sample at the resonant 
frequency of only. Thus, the mobility of protons only is under investigation. In the 
samples analysed, protons exist as a component of both the water and xanthan molecule. 
Hence, the measured Ti relaxation times represent the average mobility of protons in the 
total system, thus including contributions from both water and xanthan. In relation to the 
results obtained, it is therefore no surprise that the average mobility of protons in the 
system decreases as the concentration of xanthan increases. This is the case, as the water 
content of the polymer solution is decreasing and the mobility of the xanthan molecule 
decreasing with increasing polysaccharide concentration. Bloembergen et al (1948) was 
one of the first to experimentally show that, generally, in liquids, the Ti relaxation time 
decreases with increasing viscosity. In effect, the measured Ti times, can therefore be 
related to the mobility of water in the system.
As can be seen in Figure 7.7, no measurement of the Ti of pure water was made. Attempts 
to determine the Ti relaxation time of pure water were undertaken, but as it was found to 
be of the order seconds. With the data expressed in the current form, its inclusion in 
Figure 7.7 would have masked the detail of the trend at high xanthan concentrations.
In the case of the D20-xanthan solutions, in general, a much shorter 7) is observed 
compared to the H2 0 -xanthan samples, and the gradient of the trend is much more 
shallow. In relation to the D20-xanthan sample at a concentration of 17%, the 7/ is a lot 
shorter as 83% of the proton content of the sample has been replaced with deuterons. The 
nuclei of deuterons have a different resonant frequency to that of protons and as the 
sample was exposed to r.f. radiation of the resonant frequency for nuclei only, no signal 
is detected from the deuterons in water. The measured 7/ for the D20-xanthan sample, 
thus arises from relaxation of protons in the xanthan molecule only. The lower content 
of this D2 0 -xanthan sample and the restricted mobility of the protons in the xanthan 
molecule explain the observation of a shorter Ti. However, as the proportion of xanthan 
increases in the polymer, the Ti times of the D20-xanthan samples tend towards those of
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the HzO-xanthan samples. It is possible, that at higher polymer concentrations a longer Ti 
is detected in the D20-xanthan samples as some of the protons in the polymer molecule 
have exchanged with the deuterons in water, thus a proportion of signal in these samples is 
arising from the 'H nuclei relaxing more slowly in the form of water. Obviously, this effect 
will become more prominent as the proportion of polymer in the sample increases, as the 
probability for H-D exchange will also increase. Nevertheless, the measurement of Tj 
relaxation times of D2 0 -xanthan samples, especially at low polymer concentrations, clearly 
demonstrates the effect of polymer hydration on the observed 7} time.
7.2.4.2. T2 Measurements
Figures 7.8 and 7.9 show the effect of xanthan concentration on the T2 relaxation times of 
both the long (water) and short (polymer) components, respectively, in H2O and D2O 
solutions. These spin-spin relaxation times were calculated by fitting the data to two 
exponential functions, as illustrated in Figure 7.6. Attempts to fit the experimental data to 
a single exponential proved unsatisfactory and there was no observed additional benefit of 
fitting three exponential functions to the data
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Figure 7.8. Effect of xanthan concentration on T2 of the long 
(water) component in H2 O and D2 O solutions.
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Figure 7.9. Effect of xanthan concentration on T2 of the 
short (polymer) component in H2O and D2O solutions.
The relationship between xanthan concentration and the T2 relaxation time of water (long 
component) appears to be approximately exponential, with the largest decreases in J'2 
occurring at low xanthan concentrations. A similar relationship was found for 7), although 
of course, the 7} relaxation times were around two orders of magnitude longer. Although 
the measured 7} and T2 relaxation times theoretically only relate to the molecular mobility 
of protons in the sample, it is fair to assume that these relaxation times relate in some 
degree to the molecular mobility of water in the gel. Thus, from both the 7) and T2 
relaxation times calculated, it would appear that relatively low polymer concentrations, 
severely restrict the molecular mobility of water, and in the case of the water 7? times, this 
effect becomes much less dramatic beyond xanthan concentrations of -30%. As the range 
of polymer concentrations found in the rhizosphere are highly likely to be below -30%, 
these studies suggest that, in the rhizosphere, any change in the polysaccharide 
concentration of the gel layer which envelops organisms may have a profound influence on 
the mobility of water surrounding the organism
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Other workers have reported similar effects of polysaccharide concentration on the T2  
relaxation time of water to those found here. Belton et al (1988) observed a linear 
relationship between the concentration of agarose (0-10%) and l / ? 2  of the polymer 
solution. Although, too few measurements were made in this study within a polymer 
concentration range 0-10% to compare with the data obtained by Belton and co-workers, 
it is quite feasible that xanthan solutions at such low polymer concentrations follow a 
similar relationship. The benefit of this study of course, is that the whole polymer 
hydration range was examined which facilitates a more complete understanding of the 
interaction of water with microbial polysaccharides.
However, it is important to realise that both the Ti and T2 relaxation times are not only 
affected by the degree of molecular mobility of the nucleus under study. For example, the 
presence of paramagnetic ions (see Section 5.3.1) can also dramatically influence the 
relaxation processes of nuclei (Bloch et a l, 1946). As described in Chapter 5, the Ti and 
T2 relaxation times are inversely proportional to the concentration of paramagnetic ions 
present. However, in the context of this study, all xanthan samples were made homoionic 
to prior to analysis, so the effect of paramagnetic ions on the measured relaxation times 
is considered negligible. However, molecular oxygen is also paramagnetic and it is 
important to consider the possible contribution that dissolved oxygen may have made on 
the observed relaxation times of xanthan solutions. Chiarotti et a l  (1955) showed that 
previous estimates of 2.3 s for the 7/ relaxation time of pure H2 O contained a contribution 
fi'om dissolved oxygen. They obtained a value of 3.6 s on ‘de-gassing’ the sample. 
Bloembergen et al (1948) have also reported that the dissolved O2  content of a sample 
can significantly reduce the 7; relaxation time. However, in general, the effects of 
dissolved oxygen on nuclear relaxation are considered to be relatively small (Gadian, 
1982) and have thus been ignored in this study.
Figure 7.8 also shows the effect of replacement of protons with deuterons in the solvent 
on the T2 relaxation time of water (long component). Relatively short T2 times are 
expected, as replacement of protons with deuterons, renders the solvent undetectable. A 
corresponding short T2 is observed from the D2 0 -xanthan sample at a polymer 
concentration of 17%, but much longer T2 times are detected from samples of higher
218
polymer concentration. In fact, at a xanthan concentration of 44%, the T2 of water in the 
DzO-xanthan sample is comparable with that of the H20-xanthan solution. The only 
possible reason for this is H-D exchange between the polymer and water, enabling the 
water component of the D20-xanthan samples to be detected. Obviously, this effect due to 
exchange is bound to be more prominent at higher polymer concentrations.
In relation to the H2 Û-xanthan samples. Figure 7.9 shows that as the concentration of 
xanthan increases, the T2 of the polymer (short component) decreases. This result is as 
expected, because the polymer will be most mobile, thus have a relatively long T2  time, 
when in the most diluted form, i.e. at low polymer concentrations. The T2 relaxation times 
of the polymer (short component) in the D20-xanthan samples, as shown in Figure 7.9, 
theoretically should be very similar to those of the H2 0 -xanthan samples, and indeed 
comparable times were observed. However, due to the apparent H-D exchange occurring 
between polymer and water at higher xanthan concentrations, one might expect the 
polymer 7? of the D20-xanthan samples to be slightly shorter than that of the H20-xanthan 
samples. From the results obtained, this does not appear to be the case, possibly because 
the amount of H-D exchange is more likely to affect the T2 of the water than the polymer, 
due to its higher relative mobility.
Figure 7.10 shows the effect of xanthan concentration on the relative amplitudes of signal 
arising from the water and polymer, expressed as a percentage of the total signal 
amplitude.
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Figure 7.10. Effect of xanthan concentration on the relative amplitudes 
of signal arising from the polymer and water components.
The data clearly shows that as the concentration of xanthan increases, the proportion of 
total signal arising from the polymer increases and the proportion of signal arising from 
water decreases in a relatively linear fashion. At any xanthan concentration, the total 
percentage of signal observed is always -100%, indicating that the only components in the 
xanthan solutions contributing to the NMR signal were water and polymer and that these 
signals are simply additive across the complete polymer hydration range. Duce et al., 
(1990) came to similar conclusions from observations of NMR signal intensity obtained 
from agar gels. These workers found that the measured signal intensity was directly related 
to the agar concentration, although measurements were only made in the polymer 
concentration range 0.3-6%. The ability of NMR to distinguish between signal arising 
from water and polymer is important to note and permits studies on the effect of diffusion 
on the water signal only, as will be seen in a later section. In the case of the D20-xanthan 
samples, where the protons in the water have been replaced with undetectable deuterons, 
one would expect the majority of signal to arise from the polymer. With reference in 
Figure 7.10, the majority of signal does arise from the polymer at the two highest xanthan
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concentrations (33 and 44%), but at the lowest concentration (17%) just over half the 
signal arises from the water. Although this result suggests a great deal of H-D exchange 
occurring between the polymer and water, both the Ti and T2 relaxation times, suggest H- 
D exchange is only significant at higher polymer concentrations.
The ability of NMR to provide information on the molecular environment of similar nuclei 
i.e. mobile or immobile, by the measurement of Ti and T2 relaxation times is very 
important and will be drawn on later for the determination of both the self and mutual 
diffusion coefficients of water in polysaccharide solutions. It was in fact the observation of 
prolonged 7/ in tumours that provided much of the early impetus for the development of 
MRI for clinical uses (Damadian, 1971). The measurement of Ti and T2 relaxation times of 
materials at different levels of hydration can also reveal important information on the 
behaviour of the material with water. Such information is useful in the study of the 
interaction of water with bacterial polysaccharides and the possible significance of this 
interaction to the growth and survival of organisms in the rhizosphere. For example, by 
just measuring the decay of magnetisation of xanthan solutions, it is apparent that even 
very low concentrations of polysaccharide (-5%), cause dramatic reductions in the relative 
mobility of protons within the system and thus considerably reduce the mobility of water. 
For organisms in the rhizosphere, their envelopment in a polysaccharide gel may thus have 
important implications for their growth and survival, especially under water-stressed 
conditions.
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7.3. Determination of the Self Diffusion Coefficient of Water in Xanthan 
Solutions using the Pulsed Field Gradient Spin-echo (PFGSE) 
Technique
7.3.1. Introduction
Measurement of the self diffusion (Dseij) coefficient of molecules generally involves some 
method of molecular labelling. The most common method of accomplishing this is by the 
use of an isotopic tracer element, either chemical or radioactive (Jost and Hauffe, 1972). 
This tracer element is useful because a negligible change in the chemistry of the system is 
brought about by isotopic substitution. Unfortunately, the chemical difficulty sometimes 
experienced in labelling and the possibility that the difference in mass between the labelled 
and unlabelled molecule might affect the results, have restricted use of the technique and 
an alternative has been sought. The NMR constant field gradient technique was introduced 
in the 1950s by Hahn (1950) and McCall et al (1959) to measure Dseif coefficients in 
liquid systems without any of the chemical and physical problems associated with more 
conventional methods of labelling (McCall et a l, 1959). The technique is based on the 
principle of labelling molecules whose nuclei possess spin in the presence of a constant 
magnetic field, with electromagnetic radiation. Moreover McCall and Douglas (1965) 
found satisfactory agreement between Dseif coefficients obtained using NMR and 
conventional tracer methods. However, the method is inconvenient where motion of the 
diffusing species is slow because the steady gradient spreads the Larmor spectrum at all 
times, particularly during the period of r.f. pulse transmission and signal detection. This 
means the maximum field gradient which can be applied is limited by the r.f. transmitter 
and receiver bandwidths. The addition of pulsed fields to the constant gradient technique 
by Stejskal and Tanner (1965), resulted in the so-called pulsed field gradient spin-echo 
method (PFGSE). Because the gradients are effectively off during the periods of r.f. pulse 
transmission and signal detection, the PFGSE method is far more sensitive to slow 
diffusing species and has led to the determination of Ae//coefficients in a whole range of 
liquid based systems, especially in less mobile compounds, such as polymer solutions.
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The principles of the PFGSE technique are schematically shown in Figures 7.11 and 7.12. 
Initially, at equilibrium, the nuclei precess around the z -axis at the Larmor frequency and 
are aligned parallel to the direction of the constant magnetic field. Bo (Figure 7.12, a). At t 
=  0 ,  a 9 0 ° x  r.f pulse is applied to the sample, which brings the spins down into phase with 
each other along the y '-axis (Figure 7.12, b). During time, the spins begin to dephase 
with each other, albeit negligibly, due to inhomogeneties in the Bo field (Figure 7.12, c). At 
the end of ti, a magnetic field gradient is turned on of duration ô  and amplitude g. This 
field gradient pulse gives to each spin a phase angle shift which depends in a linear manner 
on the spins co-ordinates along the gradient direction. Thus, this pulse labels the position 
of the spins at this time. At / = r, a 9 0 ° y  r.f. pulse is applied to the spins which turns them 
through 9 0 °  about the _y -axis (Figure 7.12, d). M  t = ti + A, ?l second field gradient pulse 
is applied, identical to the first. If no solvent molecules whose nuclei possess spin have 
diffused in time A, then this second field gradient pulse together with the 9 0 ° y  pulse 
exactly reverses the phase shift produced by the first field gradient pulse. The magnetic 
vectors then rephase completely in a figure-of-eight pattern to produce a spin-echo on the 
>^ ’-axis at / = 2 r  (Figure 11, e). If the molecules whose nuclei possess spin have diffused in 
time A, then the phase angle shift produced by the second field gradient pulse and the 9 0 ° y  
pulse will be different from the first field gradient pulse and the spin-echo amplitude 
received will be attenuated. Hence, the amplitude of the spin-echo produced is inversely 
proportional to mobility of the labelled molecules in the sample and thus, their Dseif 
coefficient.
90P.
TV
9CF. echo
/ = 0 t= r t = 2r
Figure 7.11. The PFGSE pulse sequence
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Figure 7.12. Echo formation in PFGSE. Reproduced from Hahn (1950),
7.3.2. Experimental
A range of equilibrated xanthan solutions were prepared of varying polymer concentration, 
0-90% w/w, by thoroughly mixing with 'Milli-Q' water. For each xanthan concentration, a 
standard NMR glass tube was filled with polymer solution to a depth of -^ 15 mm. Each 
tube was then taken in turn and inserted into the r.f. coil of a Resonance Instruments 
bench-top NMR spectrometer, operating at 20 Mhz and equipped with a pulsed field 
gradient facility. The r,f. coil environment was set at a temperature of 20°C. A standard 
90°x-90°y PFGSE pulse sequence was applied to each polymer sample with a pulse gap (r) 
of 12 ms, a gradient pulse length of 10 ms and a field gradient separation time (^) of 
20 ms. In each experiment, the sequence was repeated at varying field strengths of the 
gradient pulses (g). Echo attenuation was recorded as a function of increasing g. As a 
check on the relative accuracy of the PFGSE method, data was also collected from pure 
‘Milli-Q’ water and calculated Ae// coefficients compared with those found in the 
literature.
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7.3.3. Analysis
Dseif coefficients of water in xanthan solutions were derived according to the following 
relationship, first proposed by Stejskal and Tanner (1965);
= exp [7.4]
Where S is the echo amplitude following the pulse sequence. So is the initial echo 
amplitude and y is the magnetogyric ratio. Figure 7.13 shows ln(echo amplitude) as a 
function of ^  obtained from 3 and 24.7% w/w xanthan solutions.
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Figure 7.13. Signal decay curves in PFGSE from 3% and 24.7% xanthan solutions.
The echo amplitude decreases with increasing g  as when the gradient field strength gets 
larger, the sensitivity of the system to diffusion increases, resulting in an increased loss of 
signal upon refocusing and echo formation. The quality of data in Figure 7.13 is 
satisfactory and the gradients of the echo decays are clearly different. The Dseif coefficient 
of water in each xanthan solution was derived fi’om the gradients of the echo decays using 
the following relationship, derived fi-om Equation 7.4:
[7.5]gradient = y ^ D A —
225
The calculated Dseif coefficients of water in xanthan are shown as a function of xanthan 
concentration in Figure 7.14. The Ae//coefficients given are means of 128 scans.
7.3.4. Results and Discussion
Figure 7.14. Effect of xanthan concentration on the Dseif 
coefficient of water measured by PFGSE.
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Figure 7.14 clearly shows that as the concentration of xanthan in solution increases, the 
Dseif coefficient of water decreases in a relatively linear manner, A similar relationship 
between Ae//and gel concentration was also found for agar gels in the concentration range 
0-18% by Derbyshire and Duff (1974). The Dseif coefficient of water is considered to 
directly reflect the mobility of water in the sample, the coefficient may also be assumed to 
portray the proportion of bound or immobile water present. As polysaccharide molecules 
possess an abundance of polar groups such as hydroxyls and carboxyls which can interact 
with and bind water, it is no surprise that the Ae//coefficient decreases as the proportion 
of polysaccharide in solution increases. As can be seen from Figure 7.14, the Ae// 
coefficient drops dramatically as soon as xanthan is introduced to pure water. This
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observation suggests that even at relatively low polymer concentrations, xanthan is very 
effective at binding and immobilising water, thus reducing its Ae//Coefficient.
However, it is important to point out that the observed reduction in the Ae//coefficient of 
water as the concentration of polymer increases, may not exclusively be due to the direct 
binding of water by the polymer molecule. Simply as a consequence of introducing a 
macromolecule into water, the average distance covered by each water molecule in a given 
period of time is reduced due to the physical presence of the polymer molecule itself. This 
will also have the effect of reducing the measured A e // coefficient. In addition, because the 
polymer under study is negatively-charged, the quantity and quality of the counter-ion can 
also affect the A e / / coefficient of water. For example, McCall and Douglass (1965) found 
that a KCl concentration of 3.45 M, reduced the A e / / coefficient of water from 2.5x10'^ 
cm  ^s'^  to 2.38x10'^ cm^  s"\ However, in this study, all polysaccharide samples were made 
homoionic to and extensively dialysed against ‘Milli-Q’ water, prior to analysis, to 
eliminate any effects on the A e // coefficient of water as a result of variations in the ionic 
content of polymer samples. In relation to the soil environment, the A e // coefficient of 
water in polysaccharides may be significantly affected by the presence of a variety of ions 
both in concentration and nature.
From the analysis performed in this study, the A e // coefficient of pure ‘Milli-Q’ water was 
calculated to be 1.84x10'  ^ cm  ^ s"\ This value is a little low compared to typical values 
found in the literature of 2.5x10'^ cm^  s'\ Most quoted A e / / coefficients for pure water 
have been determined at 25°C, whereas here, measurements were made at 20°C which 
may provide some explanation for the slight underestimate found in this study. It is 
possible that a systematic miscalibration of the field gradients may also explain the 
relatively low A e / / coefficient obtained for pure water.
As can be seen from Figure 7.14, no A e // coefficients were calculated for xanthan 
concentrations in excess of 25%. This was because the gradient of the echo decay, as 
illustrated in Figure 7.13, became so low as the polymer concentration increased above 
25%, that calculation of a A e // coefficient from such gradients would have yielded 
inaccurate data. This is an important point, and demonstrates one of the limitations of the
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PFGSE method. The problem basically relates not to the decreasing Ae// coefficients as 
polymer concentration increases, as Stejskal and Tanner (1965) claim coefficients as low 
as 10'^  cm^  s“^ may be measured, but is due to the decreasing T2 of the xanthan solution. 
This is a common problem encountered when studying polymers using PFGSE. The 
limitation in detection arises because the signal from the labelled nuclei in the diffusion 
time, zl, is also decaying with T2 , as the magnetic vectors are dephasing in the plane 
transverse to the constant magnetic field. A compromise must therefore be sought 
between keeping A long enough to measure increasingly small diffusion coefficients and 
keeping it small enough so that not all the signal is lost due to the increasingly short of 
the material under study. With reference to the T2  measurements made previously with 
xanthan, at a concentration of 24.7%, the T2 is ~30 ms. In the experiments conducted 
here, A was set at 20 ms, thus a major proportion of the signal will have disappeared from 
the sample, independent of how little diffiision is occurring. Thus, to obtain a clearer 
understanding of how polysaccharide concentration affects the mobility of water, an 
alternative method was sought for the determination of A e // coefficients of water in 
xanthan solutions over and above -24.7%.
Despite the above limitations in measuring A e // coefficients of solvents in short T2  
materials, over the last 30 years PFGSE techniques have been used to determine the A e // 
coefficients of a whole range of solvents in a variety of polymers. For example, benzene in 
polyisobutylene (Boss et al., 1967), paraffin and oil in rubber (von Meerwall and 
Ferguson, 1979) and benzene, cyclohexane and acetone in polystyrene and 
polymethylacrylate (Kosfeld and Zumkley, 1979). However, to date, very few studies have 
actually been conducted using completely water soluble polymers, such as polysaccharides 
and water. Although, Korsmeyer et al. (1986) did obtain A e // coefficients of water in a 
synthetic co-polymer of 2-hydroxyethyl methacrylate and N-vinyl-2-pyrrohdoe using 
PFGSE methods. Furthermore, due to the limited solubility of such synthetic polymers 
with water, these workers were able to obtain A e // coefficients over a much greater 
polymer concentration range using PFGSE (0-80% w/w) then was achievable here.
PFGSE methods have also proved useful in other studies concerning molecular mobility in 
polymer-solvent systems. For example, Mitra et al. (1993) proposed a method for
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determining the surface area to volume ratio in a porous media such as gels, by combining 
the short time behaviour of the signal decay with time dependent diffusion coefficients 
measured using PFGSE. The ability of NMR techniques to measure molecular mobility, 
microstructure and porosity of polymer solvent systems are only just being realised in the 
physical sciences; to date, the potential for similar studies in biological research has 
received little attention.
7.4. Determination of the Self Diffusion Coefficient of Water in Xanthan 
Solutions using an Increasing Pulse Gap Sequence in the Stray Feld of a 
STRAFI System
7.4.1. Introduction
A new technique for measuring the Dseif of solvents in polymers has recently been 
developed at Surrey by Bohris and McDonald ( 1 9 9 6 ,  unpublished data). The method 
utilises the very high constant magnetic field ( 9 . 4  T) of a STRAFI system (see Section 
7 . 6 . 1 )  as opposed to a field of ~ 1  T, used in PFGSE. The rationale behind the technique is 
that a much higher field strength will result in a higher signal to noise ratio, enabling the 
determination of diffusion coefficients in short T2 materials. The method is also based on a 
'one-shot' experiment where all the data necessary for the calculation of Dseif is obtained 
from a single magnetisation decay, instead of a whole series of decays collected at 
different gradient field strengths as in PFGSE. Each experiment is performed using the 
following pulse sequence:
9 0  V  î ’- 9 0  V  T-echo- T - 9 0 ° y -  r-echo- [ r + r 9 0 ° y -  î ’+r echo- r+,-9 0 ° y -  r+recho]„
As can be seen, after the initial 90% pulse the nuclei are repeatedly refocused on the y  - 
axis by a whole series of 9 0 %  pulses. The time intervals between the 9 0 ° y  pulses and echo 
formation are increased by i after every alternate echo and this is repeated n times. The 
intensity of the second echo of each r  group is recorded as a function of echo number and 
used in the calculation of Dseif As in PFGSE, the signal amplitude recorded is directly 
dependent on the proportion of nuclei diffusing. If no water molecules have diffused in the 
sample after time t, then all the magnetisation is refocused along the y  ’-axis and no signal 
attenuation is recorded.
229
7.4.2. Experimental
A range of equilibrated xanthan solutions (0-90% w/w) were prepared as previously 
described. For each xanthan concentration, a glass STRAFI sample tube (internal diameter 
6 mm, height 14 mm) was filled with polymer solution and placed in the stray field of the 
STRAFI system. The increasing pulse gap, r, sequence was performed on each sample, 
with a starting r  of 14 [is, increasing after every alternate echo by 1 \xs. In total, 128 
echoes were recorded. For each sample, the pulse sequence was repeated 1,024 times, the 
signal amplitude summed and recorded as a function of echo number. Each experiment 
took -6  minutes and the sample was kept static throughout.
7.4.3. Analysis
The Ae//coefficient of water in xanthan solutions can be determined from the raw data by
application of the following equation, derived by Bohris and McDonald (1996,
unpublished data) from standard CPMG sequence analysis (see Callaghan, 1991):
j=Q ^  j= a
where S is the amplitude of every alternate echo. So is the initial echo amplitude, i is the
total number of echoes,/ is the total number of increases in r, j i^s the magnetogyric ratio 
and g  is the gradient field strength. T2 values for each xanthan concentration were 
provided from data obtained in Section 7.2.4. If the experimental data is plotted out in the 
form of ln(echo amplitude) as a function of echo number. Equation 7.6 can be fitted to the 
resulting curves and A e / / determined from the fits. Figure 11.15 shows comparative echo 
decays obtained from xanthan samples at polymer concentrations of 4.8 and 21^ .."^ % with 
accompanying fits.
S-S^  exp [7.6]
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Figure 7.15. Signal decay curves and fits obtained by the 
increasing r sequence from 4.8% and 24.7% xanthan solutions.
The general shape of each curve can be explained on the basis of the pulse sequence. For 
any given sample, at early echo times, when t  is short, very little diffusion can be measured 
and thus signal attenuation is minimal. However, as r increases at later echo numbers, the 
time for diffusion increases and thus signal loss occurs upon refocusing and echo 
formation. This particular pulse sequence therefore results in signal decay curves with 
changing gradients as r increases with echo number. The gradients of both curves at echo 
numbers above 50 are clearly different and reflect the relative differences in Dseif between 
the two samples. The echo amplitude from the xanthan sample at 4.8% decays away more 
steeply compared to the 2h%l-% sample, as the water molecules in the former were more 
mobile. The Ae//coefficient of the 4.8% sample may thus be expected to be higher than 
that of the 2k-.1% sample. As can be seen from Figure 7.15, the fit for the 2i+.T-% sample is 
much closer than the fit for the 4.8% sample, which seems to predict a much steeper signal 
decay than observed experimentally. The reasons for this are not clear at present, but 
further development of this technique are currently under way. It is thus conceivable that 
this method may underestimate the Dseif coefficient of water in polymer solutions of 
relatively low concentration
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7.4.4. Results and Discussion
Figure 7.16 shows the Ae//coefficients calculated according to the above analysis using 
the increasing r pulse sequence, together with the coefficients obtained by PFGSE for
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Figure 7.16. Effect of xanthan concentration on the A e // 
coefficient of water measured by PFGSE and increasing r methods.
The increasing r pulse sequence data shows, as was found for the PFGSE data, that as the 
concentration of xanthan increases the A e / / coefficient of water in the polymer solution 
decreases in a relatively linear manner. It can also be noted from Figure 7.16 that no A e // 
coefficients were calculated above a xanthan concentration of 28.6%. It was found that the 
T2 values required for close fits to the experimental data at polymer concentrations above 
~30 % were at worst an order of magnitude lower than the measured values obtained in 
Section 7.2.4. Further developments on the increasing r pulse sequence are under way to 
improve the range of polymer concentrations accessible for study. Despite these 
difficulties, the method does appear to produce comparable coefficients in relation to the 
PFGSE method, especially considering both methods were performed using different 
NMR spectrometers in the presence of very different field gradients. However, a
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consistently lower Dseif coefficient is observed for the increasing t pulse sequence 
compared with the PFGSE method, especially at low polymer concentrations. In the case 
of the increasing t  technique, this is thought to be due to the inaccuracy of the fits in 
samples of low polymer content as illustrated in Figure 7,15. Nevertheless, this study 
clearly demonstrates that the increasing t pulse sequence provides a new approach to 
measuring the molecular motion of solvents in polymers from a ‘one-shot’ experiment and 
produces Dseif coefficients comparable to those obtained by more conventional NMR 
techniques.
7.5. Determination of the Self Diffusion Coefficient of water in Xanthan 
and De-acetylated Xanthan Solutions using a Stimulated Echo Pulse 
Sequence in the Stray Field of a STRAFI system
7.5.1. Introduction
One of the main advantages of the increasing t  pulse sequence is that, by utilising the high 
magnetic field of a STRAFI system, the signal to noise ratio is increased, thus Dseif 
coefficients in short T2 materials, such as polysaccharide solutions, become measurable 
compared to the PFGSE method. However, more fundamentally, both the increasing r 
pulse sequence and PFGSE methods suffer from the same limitation in measuring Dseif 
coefficients in short T2 materials. The problem relates to the fact that the diffusion time (A) 
in both methods occurs when the nuclei are in the transverse plane (y -axis) to the 
constant field (Bo) and the signal in this plane always decays with the time constant Tj. 
Thus, as was found for both the PFGSE and increasing t  techniques, for samples where 
the mobility of water molecules is relatively low, all the signal decays before any signal 
attenuation due to diffusion can be measured. However, if A can be made to occur when 
the nuclei are in the z-axis, i.e in the direction of the constant magnetic field Bo, then the 
signal will decay with the time constant Tj, which is much longer than T2 . In this case, 
signal attenuation due to diffusion can therefore be measured before all the signal is lost 
due to spin-lattice relaxation. The appropriate pulse sequence to use for such an 
experiment is the stimulated echo sequence and is outlined in Figure 7.17. Although in this
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sequence no pulsed gradients are applied, the resonating nuclei only ‘see’ the constant 
field gradient when in the y  '-axis, so dephase and rephase in these planes only. The 
application of two additional 90°% pulses following the initial 90°% pulse, effectively causes 
the nuclei to refocus on the y  ’-axis and form an echo at time t -  2x+A. If the nuclei have 
not diffused in time A while in the z ’-axis, the phase angle shift conferred to the nuclei in 
the first pulse delay time, (5, is exactly reversed in the second pulse delay time, 5, and thus 
no echo attenuation is recorded.
90P,90P, echo
f =  0 t = 1t+At~  r+At =  T
Figure 7.17. The stimulated echo pulse sequence.
7.5.2. Experimental
A range of equilibrated xanthan and de-acetylated xanthan polymer concentrations were 
prepared (0-90% w/w) as previously described. For each measurement, a STRAFI sample 
vial (see Section 7.4.2) was filled with polymer sample and placed in the stray field of a 
STRAFI system. The Ae// coefficient of water in the polymer was determined using a 
conventional stimulated echo sequence, with a pulse length of 6 ps and variable pulse 
delays (<^ . For each sample, S was kept constant so as to minimise T2 relaxation effects 
and A varied, but kept short compared to J). Spin-spin and spin-lattice relaxation 
measurements of xanthan solutions described in Section 7.2.4 were used to optimise ô and 
A times. The objective was to ensure that for the Ae// measurements, pulse gaps were always 
chosen so that the T2 polymer «  5 << T2 ^ mter and A << 7). This minimised the effects of water 
spin-spin and spin-lattice relaxation on the echo and suppressed the polymer signal. Individual 
experiments took 10-30 minutes, depending on the number of averages taken. For each 
experiment, echo amplitude was plotted as a function of A. All experiments were
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performed at room temperature. As a check on the relative accuracy of the technique, data 
was also collected from pure ‘Milli-Q’ water and calculated A«// coefficients compared 
with those found in the literature.
7.5.3. Analysis
Figure 7.18 shows comparative echo decays obtained from 30% and 71.4% de-acetylated 
xanthan samples for which S was set at 150 ps and A increased from 200-1100 ps.
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Figure 7.18. Signal decay curves from 30% and 71.4% de-acetylated 
xanthan solutions obtained by the stimulated echo technique.
According to Kimmich et al. (1991) the echo magnitude, S, depends on Dseif by the 
following relationship;
[7.7]
Where So is the initial echo amplitude, Ti and T2 are the longitudinal and transverse 
relaxation time constants, y is the magnetogyric ratio, and g is the field gradient. Since A 
«  Ti and Ô «  T2 water but »  T2 polymer, ccho magnitudes from a series of measurements 
made at different A can be fitted to the following expression and Ae//calculated:
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7.5.4. Results and Discussion
Figure 7.19 shows the calculated Ae^coefficients of both xanthan and de-acetylated xanthan as 
a function of hydration and exponential fits to the data
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Îo 1.50E-05c
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Figure 7.19. Eflfect of polymer concentration and acétylation 
on the Aeÿ^ coefiBcient of water in xanthan.
Firstly, it is important to note that coefficients were measurable over the entire polymer 
concentration range using the stimulated echo sequence in the stray field, whereas PFGSE and 
increasing r methods failed at xanthan concentrations above -25%. Using this method, it was 
thus possible to compare the Dseif coefficients between two chemically different polymers with 
relative confidence.
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The stimulated echo technique was validated by separate measurements of the Dseif coefficient 
of pure ‘Milli-Q’ water. These experiments yielded values of 2.46 x 10'^  cm^  s'\ close to 
typical values found in the literature (Robinson and Stokes, 1959).
With reference to Figure 7.19, for both xanthan and de-acetylated xanthan, an approximately 
exponential relationship can be observed between polymer concentration and the Dseif oî water. 
Such a relationship was, of course, undetectable by the PFGSE and increasing r  methods, 
although a relatively linear trend between Dseif and polymer concentration can still be seen 
below polymer concentrations of -30%. The data also clearly shows that at polysaccharide 
concentrations above -50% the Ae//coefficient of water becomes somewhat independent of 
polymer concentration. Presumably, at such high polymer contents all the water is strongly H- 
bonded with the polymer chains, whereas at much lower polymer concentrations the water can 
be assumed to exist in almost two-phases, either free or bound. It is important to note that the 
A e / / coefficient of water calculated in all these studies represents the average mobility of water 
in the whole system, and thus includes both free and bound components.
Figure 7.19 illustrates that the selective removal of 0-acetyl groups from xanthan results in 
a considerably lower A e // coefficient of water at any given polymer concentration. 
Assuming that, at given polymer concentrations, a lower A e // coefficient equates to a 
higher proportion of bound water, it may be concluded that de-acetylated xanthan binds 
more water weight for weight than xanthan. How the removal of 0-acetyl groups from the 
xanthan molecule results in a gel with more bound water weight for weight is not clear at 
present, however, Callet et al (1987) has shown that the O-acetyl groups in xanthan appear to 
stabilise the ordered helical conformation in solution. Callet and co-workers observed that the 
removal of these groups causes the polymer to take on a much more disordered random 
conformation in a water environment. It is possible that this major change in conformation 
facilitates a closer and greater interaction between polar groups on the molecule and water. 
This would result in a higher proportion of immobilised or bound water in de-acetylated 
xanthan compared with the native form, at given polymer concentrations. Barrie (1968) has 
postulated that the more polar groups present in a polymer matrix, the higher the absorptive 
capacity, although he admitted the dependence was not that simple. Meares (1968) has also 
reported a positive relationship between the carboxyl content of polymers and their absorptive
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capacity. More recently, Hariharen and Peppas (1994) arrived at a similar conclusion from the 
development of a model of water transport in ionic hydrophillic polymers. These workers 
introduced a stress swelling variable. A, into their model, which is dependent on the 
concentration of ionizable groups. Hariharen and Peppas found that the amount of water the 
polymer absorbed increased with increasing values of A. In all these studies, it is assumed that 
the absorptive capacity of the polymer is directly related to the amount of water the molecule 
can bind on a weight for weight basis.
However, it is also possible that other processes are in operation which cause the observed 
decrease in the Ae// coefficient of water upon removal of O-acetyl groups from the native 
xanthan molecule. For example, if the polymer chains are somehow shorter, then the mean pore 
size may be reduced which would result in a decreased mean path length for difrusion, thus 
lower A e // coefficients. However, at present, the author has found no evidence of the de- 
acetylation process causing a decrease in polymer chain length and thus considers the most 
likely explanation for reduced A e // coefficients in the de-acetylated form to be due to an 
increase in the absorptive capacity of the polysaccharide molecule.
As far as the author is aware, very few studies have been published concerning the 
influence of O-acetyl groups on the binding of water in microbial polysaccharides. 
However, several reports do exist in the literature which provide evidence for increased 
binding of water in polymers with increased carboxyl content (Hughs and Fordyce, 1956; 
Meares, 1968; Bouranis et al., 1995; Azzam, 1983). Unfortunately, attempts in this 
project to selectively de-carboxylate xanthan for such studies, failed (see Section 4.3.4.3).
A key point to note is that, in the context of the rhizosphere, polysaccharides which bind 
less water (weight for weight), such as xanthan, may be able to supply more of their water 
to the plant for uptake. In order to assess this possibility it is obviously important to know 
the minimum water potential of a gel from which a plant can extract water. Johnson and 
Leah (1990) conducted studies on the availability of water to plants in cross-linked 
polyacrylamide gels when added to soil and were able to show that all the water held by 
the polymer was at potentials within the plant available range (1.5-2.7x10'  ^Pa). The ability 
of plants to extract water held by polymers around their roots is clearly important to their
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survival in dry conditions and from the results presented here, the chemistry of the 
polysaccharide may well affect this ability.
However, when the soil dries out from a relatively wet state, it is possible that polymers 
which bind more water (weight for weight), such as de-acetylated xanthan, may become 
beneficial to bacteria and roots as they can be expected to retain more water around the 
cell for a longer period than those polymers which bind less water (weight for weight). 
The ability of bacterial polymers to improve the survival of polysaccharide-producing 
strains of bacteria when exposed to desiccation has been investigated previously (Bitton et 
al., 1976; Schmit and Robert, 1984; Bushby and Marshall, 1977). However, from these 
studies, no clear relationship has been found between polysaccharide production and 
survival against desiccation, whereas other reports do suggest that bacterial polymers offer 
some protection to bacteria against drying environments (Pena-cabriales and Alexander, 
1979; Roberson and Firestone, 1992). Although direct studies on the effect of 
polysaccharide production on survival against desiccation appear to produce conflicting 
conclusions, it is clear that the properties of bacterial polymers are consistent with a 
protective role against drying environments (Bushby add Marshall, 1977; Al-Rashidi et al., 
1982).
It is also important to note that the ability of polymers to retain water at low potentials has 
other implications for the survival of organisms in drought conditions. For example, the 
diffusion paths for nutrients from the immediate environment to the cell surface will be 
kept open, although ion-polymer interactions will become significant as the polymer 
concentration increases (see Section 4.3.2). Furthermore, Ling (1965) has suggested that 
the more water a polymer binds, the less porous the material is to the passage of 
biologically important solutes such as sucrose and hydrated ions. Since, as a rule, bound 
water is partially immobilised and polarised, its interaction with solutes is restricted on 
account of the unfavourable entropy.
To the best of the author’s knowledge, no other reports exist in the literature on the ability 
of xanthan to bind water, however, the water release properties of xanthan, scleroglucan 
and dextran have been compared by Chenu (1993). It was found that dextran gave up its
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water much more readily than sceleroglucan which gave up its water more readily than 
xanthan, especially at relatively high water potentials (-0.01 to -1 MPa). Chenu suggested 
that xanthan and sceleroglucan retain more water at given potentials as these polymers 
possess a network structure in solution, thus capillary forces will be greater than in dextran 
which has a coiled conformation and absence of networks (Powell, 1979; Stipanovic and 
Gianmateo, 1989). Although in this study the ability of polysaccharides to absorb and not 
retain water has been addressed, polymer chemistry is believed to affect both processes in 
the same way, since polysaccharide conformation in solution is dependent on chemistry of 
the repeating unit (Rees, 1977 ) and also, according to Barrie (1968), position of a group 
on the polymer chain.
Much work on the ability of polymers to absorb water in the soil has been conducted on 
synthetic polymers, used commercially as soil conditioners. However, how polymer 
chemistry affects water relations in these polymers has received little attention. For 
example, differences in the relative water holding capacity of a range of commercially 
available soil conditioners has been reported by Choudhary et al. (1995). Their results do 
suggest that polymer chemistry affects the amount of water these macromolecules absorb 
and bind, but sheds no light on which chemical groups may affect absorption and 
retention.
The polysaccharide concentrations readily found in the rhizosphere are obviously pertinent 
to this study. Samtsevich (1968) obtained a di^ y weight determination from non-axenically- 
grown maize root mucilage of 1%, but no details of methodology or of the environmental 
conditions under which the plants were grown were given. Thus, how close this estimate is 
to concentrations typically found in the field remains questionable. Similar estimates were 
obtained by Christensen and Characklis (1990), however their experiments were 
conducted on biofilms in aqueous environments. Such environments presumably are not 
exposed to the drying conditions experienced in soil, thus their estimates may be lower 
than those found in the rhizosphere. However, polysaccharide concentrations as low as 
0.1% have been noted by Guinel and McCully (1986) from observations made on the root 
cap mucilage of axenically-grown maize seedlings grown on 1% agar. In relation to the 
results obtained here. Figure 7.19 clearly indicates that as the polymer concentration
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approaches 0%, the Dseif coefficient of water in any polysaccharide tends towards that of 
bulk water (-2.5x10'^ cm  ^s' )^. Thus, the lower the polymer concentration encountered in 
the rhizosphere, the less influence polymer chemistry may have on the mobility of water in 
the polysaccharide matrix. However, it is likely that in the field, temporal changes in 
polymer concentration as a function of fluctuating soil water potential will inevitably 
occur. Thus, under water-stressed conditions, the polymer concentration around the root 
may be a lot higher than estimates reported in the literature. If so, chemistry of the 
polymer may have an important influence on the mobility of water in the gel and therefore 
the survival of organisms in desiccating conditions.
Some comparison must be made between the Ae// coefficients measured by the stimulated 
echo technique, PFGSE and increasing r  methods. From a glance between Figures 7.16 
and 7.19 it is clear that, in general, the PFGSE and increasing t  methods do seem to give 
slightly lower A e / / coefficients for xanthan than the stimulated echo method. Reasons for 
this observation may be numerous but it is likely that lower A e // coefficients are measured 
in both PFGSE and the increasing r  sequence technique, as any signal loss due to diffusion 
occurring in these methods may be rendered undetectable as a result of the relatively fast 
signal decay due to transverse relaxation processes. The stimulated echo technique does 
not suffer from this problem and thus is more sensitive to smaller signal attenuation as a 
result of diffusion as the signal decays more slowly with 7/. Furthermore, as the 
determination of A e // coefficients over the complete polymer hydration range was only 
possible using the stimulated echo sequence, this method is deemed more appropriate for 
the study of A e // coefficients of water in polysaccharide solutions and thus the resulting 
coefficients are considered more reliable than those obtained by PFGSE or increasing t  
methods.
In conclusion, this study indicates that the stimulated echo technique, conducted in the 
stray field of STRAFI systems, is the most appropriate NMR-based method for 
determining the A e // coefficient of water in bacterial polysaccharides over the complete 
hydration range. Other methods appear to fail, above polymer concentrations of -25%.
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The Dseif coefficients obtained using this technique suggest that subtle changes in 
polysaccharide chemistry influence the mobility of water in the polymer matrix. The 
significance of this observation to the survival of polysaccharide-producing organisms in 
the soil environment under water-stressed conditions is considered worthy of further 
attention.
7.6. Determination of the Mutual Diffusion Coefficient of Water in 
Bacterial Polysaccharides by Stray Field Magnetic Resonance Imaging
7.6.1. Introduction
The Dnnttuai coefficient, unlike the Dseif coefficient, occurs only in the presence of a 
concentration gradient. As described previously, the coefficient of water relates to the 
ability of water molecules to translate from one position to another in a solution where no 
variation in concentration exists. However, the D„mtuat coefficient of water describes the 
ability of water molecules to translate from a high concentration to a low concentration. In 
effect, concentration drives the Aj«frw/ coefficient, whereas random thermal motion drives 
the Dseif coefficient. In relation to a soil environment, the A e // coefficient relates to the 
mobility of water within a polysaccharide gel. The Amw coefficient relates to the 
movement of water tlirough a polysaccharide layer down a concentration gradient, i.e. 
from bulk soil to the organism cell surface.
For reasons outlined in Section 7.3.1, NMR is the method of choice for measuring 
diffusion coefficients of water. In the case of A e//, a sample with a given water content can 
simply be analysed by NMR techniques for molecular motion. However, in order to 
determine the D„nitnai coefficient by NMR it is necessary to measure spatial variations in the 
water content of a sample. NMR signals can be spatially resolved by application of 
magnetic field gradients and this approach forms the basis of all magnetic resonance 
imaging (MRI) studies. How MRI isolates NMR signals in space has been described in 
Section 5.4.1.1. The NMR imaging technique chosen here to study the diffusion of water 
in bacterial polysaccharides is known as Stray Field Magnetic Resonance Imaging 
(STRAFI). The principles of this method are described below.
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STRAFI utilises the same basic principles as MRI, i.e. the application of magnetic field 
gradients to obtain spatial resolution, but with some important differences. Principally, 
instead of a dynamic field gradient, STRAFI employs a large static, time independent 
gradient. This means the problems generally associated with finite gradient rise times 
found in MRI are eliminated, resulting in improved resolution, especially in the study of 
short T2 materials, such as polysaccharide gels. The use of static fields also means that 
extremely high field gradients can be utilised. Such high field gradients are produced in the 
stray fields of liigh strength superconducting magnets, hence the name stray field imaging. 
Figure 7.20 shows the on-axis stray field of a typical superconducting magnet. As can be 
seen, at a certain distance from the centre of the magnet the magnitude of the stray field 
varies linearly with axial distance. At this point, the stray field gradient is maximised and is 
also relatively homogeneous across a large area of the magnet’s transverse plane. It is this 
linear portion of the stray fields of superconducting magnets which is employed in 
STRAFI.
II1
Choice for resonant position
►
Distance along central axis o f magnet
Figure 7.20. Magnetic field strength as a function of axial 
distance along the central axis of a superconducting magnet.
In a typical STRAFI experiment, the r.f. coil is tuned to a frequency approximately 
corresponding with the magnetic field strength in the stray field region. The sample is 
placed within the coil and an r.f. pulse applied. The extremely large field gradient across 
the sample means only a very thin slice can be considered to be on resonance and only 
spins within that particular slice are affected by the pulse, despite the relatively large 
bandwidth of the applied pulse. Thus, the contribution to the resulting FID from the other
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spins in the sample is negligible and so the amplitude of the signal is directly proportional 
to the spin density within the excited slice. As this study is concerned with the movement 
of water only, the r.f. pulses are set to the resonant frequency of thus signal amplitude 
directly relates to the proton density of the slice.
The improvement in spatial resolution obtained in STRAFI by the application of high field 
gradients is the main advantage of the technique over more conventional MRI methods. 
The effect of field gradients on spatial resolution in imaging is schematically shown in 
Figure 7.21. As can be seen, the high field gradients found in STRAFI facilitate the 
resolution of slices down to ~20 p.m thick, whereas more conventional imaging techniques 
can only excite slices down to a tliickness of ~500 pm.
STRAFI (20 \xm)
Conventional 
MRI (0.5-5 mm)cr
PositionFixed fiequency 
bandwidth Resolution
Figure 7.21. Effect of field gradient on spatial resolution.
The magnetisation in STRAFI experiments is typically observed using the solid echo pulse 
sequence, as applied in the PFGSE studies. The solid echo sequence is chosen as it has 
component pulses of equal length, unlike the CPMG sequence. This is important, as in 
STRAFI, the slice excitation profile is inherently linked to the pulse width. Also, by simply 
repeating the second 9 0 ° y  pulse in the solid echo sequence, a whole series of echoes can be 
acquired, progressively decreasing in intensity. This is known as an echo train and can be 
used to introduce T2 contrast into the experiment, thus permitting distinctions between 
polymer and water components in the sample.
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One-dimensional profiles of NMR signal along the longitudinal axis of the sample are 
constructed as follows. A pulse sequence is applied to the sample, thus exciting a slice of 
specified thickness. Signal is collected, via the r.f. coil and the sample is then physically 
moved through the resonant position in the gradient field and the process repeated on the 
next slice. The sample is thus moved through the resonant position in a step-wise fashion, 
collecting data from each slice, until the whole sample has been imaged. In this way a one­
dimensional spin density profile of the entire sample along its longitudinal axis can be 
generated.
It is interesting to note that this method of physically moving the sample and sequentially 
imaging slices to build up a profile actually formed the basis of one of the earliest NIVJR 
imaging schemes proposed by Damadian (1976). However, following the advent of 
imaging with dynamic magnetic field gradients, this approach became unpopular due to 
numerous problems at the time, associated with sample translation and image acquire 
times.
It is the use of high field gradients in STRATI which make the technique particularly 
suitable for the study of water ingress into bacterial polysaccharides. As already described, 
the huge gradient generated in STRATI results in high spatial resolution of the proton spin 
density in the sample. This means that very little material (mg quantities) is required, 
making it suitable for the study of bacterial polymers which may only be produced in 
relatively small amounts. In addition, the high field gradient enables short encoding times, 
facilitating the study of short T2 materials. This makes STRATI particularly suitable for the 
study of polysaccharide gels, as these materials appear to have particularly short T2 
relaxation times, as identified in Section 7.2.4. More generally, the use of superconducting 
magnets in STRATI means the strength of the magnetic field in the r.f. coil is several times 
higher than in conventional MRI systems. Therefore, the signal to noise ratio is vastly 
improved in STRATI, facilitating enhanced 7? contrast between the polymer and water 
components.
In more general terms, Kinchesh et al. (1994) pointed out one of the greatest advantages 
of STRATI over conventional imaging; that of reducing magnetic susceptibility effects
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which tend to cause a reduction in resolution of the image, especially in the study of short 
T2 materials. Kinchesh and co-workers found that in the limit of infinite digitisation of the 
NMR response and negligible diffusion, it can be shown that the distortion, d, of an image 
along a frequency-encoded axis caused by local differences in magnetic susceptibility, is 
given by:
= [7.9]
G
where A B o(t) is the range of spatially-dependent magnetic field strengths resulting from 
the susceptibility inhomogeneity and G  is the applied magnetic field gradient. This 
relationship clearly illustrates how an increase in the applied field gradient, as used in 
STRATI, can result in a decrease in distortion of the image. In effect, local fluctuations in 
the magnetic field caused by the presence of paramagnetic materials and dipolar 
interactions in more solid objects, cause negligible reductions in the observed signal in 
STRATI, due to the presence of the huge field gradient which tends to govern decay of 
the magnetisation.
Despite these advantages, STRATI does have some limitations. Tor example, sample size 
is generally restricted to fit within the r.f. coil (internal diameter ~7 mm). In addition, 
unlike conventional MRI, only one-dimensional profiling is practical. Although, two and 
three-dimensional images have been obtained, generally speaking, problems associated 
with image acquire time and probe construction make this problematic at the present time.
STRATI has found many applications since it was first proposed as an NMR imaging 
technique by Samoilenko et al in 1988. Previous studies include, the imaging of solvent 
ingress into synthetic polymers (Perry et a l, 1994), the investigation of systems with very 
short T2 relaxation times, i.e. large susceptibility effects (Kinchesh et a l, 1992), the study 
of carious lesions in teeth (Baumann et al., 1993) and the determination of diffusion 
coefficients (Kimmich et al., 1991). STRATI has also been applied to the imaging of soils 
(Kinchesh et ah, 1994). However, since the technique was introduced, there have been 
very few applications to biological materials, such as under investigation here, especially 
where quantitative information is sought.
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7.6.2. Experimental
The polysaccharides used in this study were xanthan gum, de-acetylated xanthan gum, 
prepared according to the method detailed in Section 4.2.4.1 and polymers produced by 
Enterobacter cloacae (C2/4) and Azotobacter chroococcum by batch fermentation as 
described in Section 2.3.1.3. All polymers were prepared to a lyophilised, powdered form.
One of the major problems associated with profiling the ingress of liquids into bulk polymers by 
stray field imaging is that the sample must be uniform in the plane orthogonal to the profile 
direction. Liquid ingress around the sides of the sample and non-uniform surface swelling both 
compromise the profile resolution. A fiirther problem for samples prepared fi’om powdered 
material is vapour transport through the inter-particle space. To minimise these effects, dry 
polysaccharide samples were pressed into thick-walled glass tubes (internal diameter 2 mm) to 
a constant density of ~1 g cm’^ . Each pressed sample was 6 mm long. This procedure reduced 
the NMR coil filling factor and hence the profile signal-to-noise ratio considerably, but served 
to confine the subsequent swelling to one direction only (i.e. that of the profile). As a 
consequence of pressing the polymer samples, in order to assign any observed differences in 
Dnnoiiai coefficients exclusively to differences in polymer chemistry between the samples and not 
differences in pore size, structure etc., scanning electron micrographs were taken of the pressed 
dried samples Any observed differences in the physical appearance of the polymer samples was 
noted.
An aliquot of ’'Milli-Q ’ water, yielding a depth of 25 mm, was injected into the glass tube 
above the polymer sample. stray field imaging was then used to follow the diffusion of 
water through the polymer sample over a period of hours.
The imaging was performed using Magnex 9.4 T, 89 mm bore superconducting magnet. The 
field strength at the resonant position was 5.5 T, the field gradient 58 T m'^  and the resonant 
fi-equency set at approximately 235 MHz. A multiple solid echo pulse sequence was used of the 
following form, 90°x-r-(90°y- '^-echo-r)i6, where 90°x,y defines a 90° excitation pulse of relative 
phase X or ^  and t  is the pulse gap, in this case equal to 14 ps (pulse centre to centre). The 
pulse length was 6 ps. These parameters ensured that the water, dehydrated polymer and 
swollen polymer were all visualised with optimised T2 contrast between them. However, the 
parameters reflected various compromises. In particular, the pulse gap was chosen sufficiently
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small so that the dry polymer signal could be seen. It was also suflSciently small that difiusive 
attenuation of the mobile liquid signal did not significantly contribute to the total signal 
intensity. However, the pulse gap was not so short that the dry polymer signal decayed too fast 
so as to compromise a clear distinction between the liquid and solid signal decays. The pulse 
length was chosen as a compromise between good signal to noise (short pulses) ahd profile 
resolution (long pulses).
The r.f. amplifier used for the experiments was manufactured by Chemagnetics and the r.f. 
coil based on the saddle coil design (internal diameter ~7 mm). A Chemagnetics CMX 
Infinity spectrometer was employed, controlled by a Sun Microsystems SPARC 20 
microcomputer, with boards for the regulation of both r.f. pulses and data acquisition and 
control of the stepper motor used for translation of the sample through space. Figure 7.22 
shows sample arrangement in the STRAFI magnet. The sample was mounted on a brass 
rod which was attached to a stepper motor via a drive shaft.
Centre of magnetic 
field at 9.4 T
‘Milli-Q’ water
Polymer sample
r.f. coil (235.6 MHz 
pulse frequency)
Sample mounting 
connected to stepper 
motor
Magnet
Glass tube
Stray field position at 
very higb field gradient 
of58T m -i
Figure 7.22. Sample arrangement in the STRAFI magnet.
Slices of 200 (.im thickness were imaged every 200 pm along the longitudinal axis of the 
polymer sample. In each experiment, the sample and water reservoir were scanned firom top to
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bottom 50 times. Thus, for each experiment, an intensity scan was constructed of the 'H spin 
density across the length of the sample, made up of a number of slices, each consisting of a 
series of 16 echoes, the signal intensities of which were the sum of 50 scans. In total, 50 
experiments were conducted in a period of ~24 hs.
7.6.3. Results and Analysis
Figure 7.23 shows an intensity scan of the entire sample at time 0 h. The water reservoir, on the 
left side of the image, is clearly distinguished by its relatively high signal intensity, due to the 
high ‘H spin density of pure water. The dry polymer layer can be seen on the right side of the 
scan as a result of its much lower *H spin density and shorter T^ . Data in this form, taken at 
différent time intervals can be arranged in a two-dimensional format, as in Figure 7.24, to show 
the ingress of water into the polymer layer as time progresses. As can be seen, over a period of 
time, water diftuses into the polymer layer, as reflected by the increase in signal intensity of the 
dry polymer layer.
Figure 7.23. Intensity scan of xanthan sample at time 0 h.
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Figure 7.24. 2-D Intensity scans of xanthan sample taken approximately every 2 h.
However, within the data shown in Figures 7.23 and 7.24, further important information exists. 
Figure 7.25 shows a magnified region of the water reservoir, as seen in Figure 7.23. As 
described earlier, each slice imaged, consists of an echo train made up of 16 echoes, with 
progressively smaller signal amplitudes as the magnetisation decays exponentially with time. As 
already noted, the rate of magnetisation decay in these experiments is directly related to the T2 
relaxation time of the *H nuclei in that part of the sample. In the case of Figure 7.25, the rate of 
signal decay is very slow, because of the long 73 time of pure water. In contrast. Figure 7.26 
shows a magnified region of the dry polymer layer. The signal decays a lot faster in these echo 
trains, reflecting the relatively short 73 relaxation time of the dry polysaccharide.
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Figure 7.25. Echo trains produced from pure water.
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Figure 7.26. Echo trains produced from dry xanthan.
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One dimensional profiles of the ‘H spin density of the sample were constructed by simply 
plotting the signal intensity recorded fi'om the second echo in each train as a function of 
position across the sample. Figure 7.27 shows second echo profiles recorded at four hourly 
intervals fi'om xanthan and the A. chroœœcum polymer. The efifective polymer-water interface 
is at 0 mm on the scale and the dehydrated polymer is observed to have an intensity of -0.3. 
Water ingresses into the dry polymer fi'om the left.
Water diffusion3.5
= 2.5I . 16.25 h
•tc
c Dehydrated polymer
(0I 16.25 h
2 0 2 4 6 8
Position (mm)
Figure 7.27. Second echo profiles recorded fi'om xanthan (offset, blue) and the A. 
chroococcum polymer (red) after 0.25, 4.25, 8.25, 12.25 and 16.25 h. The effective sample 
surface is at 0 mm (.......).
Profiles were constructed from second echo data, as this echo has the greatest intensity in 
STRAFI, due to application of a solid echo pulse sequence in a field gradient (Benson and 
McDonald, 1995). To a reasonable approximation, these profiles reflect the total proton 
density of the sample. The second echo data shown in Figure 7.27, clearly indicates that after 
16.25 h exposure to water, the total proton density of the xanthan layer is much higher, further 
into the layer, than in the A. chroococcum polymer layer. Thea data could be interpreted as 
meaning the water fi'ont has advanced further into the xanthan polymer than into the A. 
chroococcum polymer layer. However, it is important to realise that even at the second echo of 
the train, polymer signal may be contributing to the total signal intensity or proton density. 
Moreover, the signal intensity fi'om the polymer, may be changing as a function of polymer
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concentration over time and space. Thus, although profiles constructed fi'om second echo data, 
accurately reflect the proton density of the sample, in order to obtain the signal intensity arising 
fi'om the mobile water only, profiles were constructed using later echoes in the train, since, as 
already seen, the water signal decays much more slowly than the polymer signal.
Figure 7.28 shows one-dimensional profiles taken fi'om the same samples as shown in Figure 
7.27, but constructed by summing the last four echoes of the 16 echoes recorded.
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Figure 7.28. Profiles constructed by summation of the last four echoes recorded fi'om xanthan 
(offset, blue) and the A chroœœcum polymer (red) after 0.25, 4.25, 8.25, 12.25 and 16.25 h. 
The effective sample surface is at 0 mm (.......).
As can be seen, in these profiles, signal from the dry polymer layer is now negligible. To check 
whether these profiles represented proton signal from the mobile water only, and in particular 
to examine whether the swollen polymer was contributing significantly to the later echo signals, 
profiles were recorded in which the water was replaced by D2O. As discussed previously, 
deuterons have a different resonant frequency to protons and so are rendered undetectable in 
the ‘H profiling. Figure 7.29 shows 'H profiles constructed from the last four echoes, in which 
H2O is diftusing into xanthan from the left and D2O ingressing from the right. Assuming little 
H-D exchange occurred between the polymer and heavy water, the hydrated polymer appears 
to produce a signal intensity of-10% of the total signal generated by pure water. Considering
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these profiles are believed to reflect water signal only, this contribution of hydrated polymer to 
the total signal may appear significant, especially at low water contents, however, it is not 
known how much of this hydrated polymer signal is due to H-D exchange. Thus, it is assumed 
that in general, 'H profiles constructed fi'om late echoes give the best practical representation of 
water signal only.
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Figure 7.29. ‘H profiles of H2O difiusing fi'om the left and D2O diftusing from the right into 
xanthan recorded after 0.25, 2.25, 4.25, 6.25, 8 .25 and 10.25 h.
For the calculation of the concentration dependence of D^utuai in each of the polymers under 
study, one-dimensional profiles were constructed from the last four echoes of each train as 
illustrated in Figure 7.28 for xanthan and the A. chroœocam polymer. In order to obtain 
water concentration profiles from these water proton density profiles, the proton signal 
intensity arising from the water reservoir was taken to have a water concentration of 1, and the 
dry polymer signal taken to have a water concentration of 0. Thus, the data now reflected how 
water concentration, expressed as dther a fraction or percentage, varied with position in the 
polymer layer and time. If the first profile (at time 0.25 h) is disregarded, during the acquisition 
of which the sample surface rapidly hydrated, it was found that the water front advanced into 
the dry polymer with the square root of time, in accordance to generalised Fickian 
diftusion. However, this was only true so long as an eftective water-polymer interface was 
correctly located. This was important as the application of Fickian dynamics to calculate Dmouai,
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demands that a clear boundary exists throughout the experiment between the polymer and pure 
water. Obviously, due to the nature of the material under study, i.e. completely water soluble 
polysaccharide, experimentally, a clear boundary simply did not exist. During the experiment 
not only did water diffuse into the polymer layer, but to some extent, polymer dissolved into 
the water reservoir. Photogr^h 7.1 shows the state of xanthan and the E. cloacae polymer, 
~24 h after exposure to water.
Photograph 7.1. Xanthan (left) and the E. cloacae 
polymer (right) -24 h after exposure to water.
The dissolution of polymer from the layer, into the water reservoir is clearly visible, making the 
presence of a distinct boundary between polymer and pure water seem unlikely. However, an 
effective water-polymer interface was located with accuracy if the water front position, x, in the 
profiles was plotted against the time at which the profile was taken, t, and fitted to a function of 
the form (jc-jco) = where ^  is a fitting parameter and represents the position of an effective 
interface. The dotted lines in Figures 7.27, 7.28 and 7.29 represent this calculated effective 
interface. For all polymers under study, this water-polymer interface was found to be at a water
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concentration of -85-90%. To confirm this measurement, the solution above the polymer was 
post-extracted firom the samples and chemically analysed using the phenol-sulphuric acid assay 
(see Section 2.2.1.3). In the case of xanthan, the profiles suggested a surface water 
concentration of-90% and by chemical analysis -92.6%.
As water appeared to diffuse through the polymer in accordance with Fickian dynamics, water 
concentration profiles within the polymer could be described by a generalised form of Pick’s 
equation:
where C is the concentration of water in the polymer by volume and D^g^/is the concentration 
dependent mutual diffusion coefficient of water in the polymer. Since the experiments 
undertaken approximate to a semi-infinite diffusion problem (i.e. a semi-infinite reservoir of 
liquid diffijsing into a semi-infinite sample), Dmutmi was readily determined fi-om the 
experimental profiles by application of the Boltzmann transform (Crank, 1975), Tf=x!2t^ ,^ 
provided the water-polymer interface conditions were constant. Since in this case, a constant 
surface water concentration was present (-90%), 77 was substituted for C in Pick’s equation to 
yield:
drj arj\ drjj
Applying rj=xl2t^  ^to the experimental profiles effectively condensed the profiles onto a single 
master curve fi'om which Dnmhiaj was evaluated using the following integrated and rearranged 
version of equation 7.11:
D ^{C ) = -2.
]i]dC
æ
drj
[7.12]
Due to the large quantity of data recorded, and in order to have a semi-analytic, routine method 
of analysis, the calculation of D„mtnai(C) was achieved by fitting each master curve to an 
arbitrary analytic fimction which well approximated the shape of each curve. Whilst strictly not 
necessary, this procedure simplified the analysis and also reduced the disproportionate influence 
of random noise in the original data in the calculation. The form of the chosen analytic
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functions had no physical significance. Figure 7.30 illustrates the master curves and fit functions 
used for xanthan and the A. chroococcum polymer.
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Figure 7.30. Master curves and fits for xanthan 
(offset, blue) and the A. chroococcum polymer (red).
Representative scanning electron micrographs of the surface of a cut end of a pressed xanthan 
and de-acetylated xanthan sample, prior to exposure to water are shown in Photograph 7.2. 
The surface of the samples are clearly heterogeneous in structure and appear to consist of 
compressed flakes of dry polysaccharide material. From a qualitative viewpoint, the general 
morphology of these two xanthan samples appears very similar fi’om these transverse sections. 
From these simple observations, it was concluded that in the case of the two xanthan polymers, 
any observed differences in coefficients, were due to differences in chemistry between
the two polysaccharides and not a result of gross differences in structure and pore size of the 
dried materials.
257
Photograph 7.2. Scanning electron micrograph comparison of cross-sections of 
prepared, pressed polymer samples; lower xanthan, upper de-acetylated xanthan.
The scale bar is 400 pm.
Figure 7.31 shows the calculated Dnojtuai coeflScients as a fimction of polymer concentration, 
according to the analysis described above, for all polysaccharides under study.
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Figure 7.31. Concentration dependence of the coefficient
of water in a range of bacterial polysaccharides.
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7.6.4. Discussion
This study clearly demonstrates that the application of stray field imaging provides a non­
destructive, non-invasive, highly sensitive approach to measuring the Dpn^wcoefiïcient of water 
in bacterial polysaccharides. The method requires only 20 mg of material per sample, thus is 
suitable for studying environmentally derived polymer samples. Gummerson et al (1979) used 
similar methodology to that employed here to measure the concentration dependence of the 
Dnmtuai coefiScient of water in a range of building materials. However, because only 
conventional MRI gradient sets were used, the resolution was restricted to ~2 mm, which 
would have been impractical here due to the small amounts of material available. The use of 
lower field gradients would also result in a reduction in the amount of data available for 
analysis, leading to unreliable a/a/ curves.
As can be seen fi'om Figure 7.31, for every polymer investigated, the Dmiauai coefficient tends 
towards the Ae// coefficient of free water (2.5x10'  ^ cm^  s'^ ) at low polymer concentrations. 
That it never reaches it, is due to the presence of an effective water-polymer interface and the 
way the polymer enters solution at low concentration. For this reason, Dnmhtai data for the range 
0 to -10% simply does not exist fi'om the analysis presented. The functional form for the 
polymers studied appears very different at high polymer concentrations. The polymers 
produced hyE. cloacae and A chroococcmi tend towards a constant Dmauai coefficient at high 
polymer, low water concentrations, whereas the two xanthan samples turn over and rapidly 
decrease. This different behaviour results directly from the different fit fiinctions applied to 
these polymers which in turn reflect differences in the detailed shape of the extreme forward 
part of the advancing water front. This particular part of the fi'ont was difficult to fit exactly, 
and indeed, the profile shape is most sensitive to noise in this region. Moreover, the water T2 
was low, due to a lack of mobility, so a clear distinction between water and polymer was 
difficult. In the light of these comments, while the absolute values of Dmituai may be subject to 
error at high concentrations (>85%), the overall functional form is believed to be accurate.
From Figure 7.31, it is clear that the selective removal of 0-acetyl groups fi'om xanthan results 
in a lower D„nihiai coefficient at any given polymer concentration. Despite similar levels of sugar 
substituents between xanthan and the E. cloacae polymer (see Section 3.2.2), the values 
are considerably lower for the E. cloacae polysaccharide over a wide range of polymer
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concentrations. This may be due to fundamental differences between the two polysaccharides, 
in terms of chemical structure and conformation in solution, however, the higher protein 
content of the E. cloacae polymer may also play a role. The comparatively low D„„ititai 
coefficients calculated for the polymer produced by A. chwococcimt can be attributed to the 
relative absence of 0-acetyl groups, uronic acids and considerably lower pyruvyl content.
The D„„iu,ai results presented here, suggest that bacterial polymers containing high levels of O- 
acetyl, uronic acid and pyruvyl groups together with low protein contents, confer high rates of 
water transport in bacterial polysaccharides. It is important to note that, although in this study 
we have not directly examined natural rhizosphere polymers, the chemistry of these materials 
does appears roughly comparable to that of xanthan (see Section 6.4.2.2). In consideration of 
the results obtained, it is possible that in the root environment, polymers which possess 
relatively high Dnnmiai coefficients may be more beneficial to bacteria and particularly plants 
growing in conditions of low water potential, as a faster rate of water transport fi'om bulk soil 
to the root cell surface will provide a better chance of survival in unfavourably dry conditions. 
However, if the Dmutuai coefficients measured in these studies by the influx of water can be 
applied to D„nituai coefficients obtained by the efflux of water to a drying environment, it may 
follow that those polymers which possess relatively low D„mtuai coefficients will be of benefit to 
organisms. This may be the case, as such polymers can be expected to reduce the rate of water 
loss fi'om the organism and thus improve the chance of survival in desiccating conditions. But, 
whether the Dnnami coefficients measured here by the influx of water, also apply to the efflux of 
water is uncertain. If water is ingressing the polymer layer mainly by diffiision between 
polysaccharide particles, i.e. like water through sand, then it is likely that Amw coefficients 
obtained fi'om the influx of water also apply to the efflux of water. But, if the main mechanism 
of ingress is by absorption of water by the polysaccharide particles, i.e. diffusion through the 
polymer material itself, because of the complexity of the interactions between water and the 
polysaccharide molecules, the efflux DnaimJ coefficients may be different firom the influx 
coefficients. Experiments must be conducted on the efflux of water to investigate this argument 
further.
In addition to the above, it may be more important to realise that the slow ingress of water into 
certain polysaccharides may not necessarily be a disadvantage to organisms growing in
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environments where the availability of water widely fluctuates. As a consequence of rain, for 
example, a sudden increase in the amount of available water in soil can have lethal effects for 
microorganisms (Kieft et ah, 1987). Wilkinson (1958) pointed out that the production of 
polymers by bacteria may actually act to protect them fi'om rapid increases in available water by 
absorbing free water with little change in the water potential of the polymer. More recently, 
both Morse (1990) and Chenu (1995) have suggested a similar buffering type function for 
bacterial polymers, in response to fluctuations in the rates and amplitudes of water potential in 
the immediate environment.
The exact role of bacterial polysaccharides in protecting organisms in the root enviionment 
against natural changes in water potential is not clear at present. More evidence fi-om 
experiments involving both bacteria and plants is undoubtedly necessaiy. However, the studies 
conducted here, clearly demonstrate that the chemistry of the polysaccharide affects the rate of 
water diffiision. This effect is considered pertinent to organisms growing in environments such 
as soil, where the availability of water widely fluctuates.
As a result of the work presented here, if the most beneficial chemical components of 
polysaccharides found in the rhizosphere can be established, plant roots may either be 
engineered to produce them, their roots coated with them, or roots inoculated with bacteria 
which produce them.. Such practises may considerably improve the drought tolerance of many 
economically important crop plants. As both Bohnert and Jenson (1996) and Ashraf (1994) 
have pointed out, water deficit in the soil is one of the most serious and damaging of all the 
abiotic environmental stresses and typically results in major reductions in crop productivity.
The importance of NMR imaging as a technique to study water relations in the root 
environment must not be overlooked. Since MRI was developed in the early seventies, ^H 
NMR images have been obtained fi'om a variety of natural soil and root systems, and this has 
aided our conceptualisation of water relations in the soil environment. Although, in the 
experiments conducted here, the water content of polysaccharide has been investigated only, 
the power of NMR imaging to provide information on the content and relative state of water in 
soil and roots is only just being realised. Bottomley et ah (1986) provided the first NMR 
imaging data on in situ intact root systems in soil. From experiments using the commonly
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encountered spin-warp imaging sequence, Bottomley and co-workers obtained two- 
dimensional images of the distribution of water around the roots of Vicia faba in soil. 
However, it was noted that with some soil samples image distortion and signal loss due to soil 
diamagnetisation and ferromagnetism was a problem. Such problems can now be minimised by 
application of short echo time pulse sequences, optimised selective r.f. pulses and high field 
gradients. Johnson et al. (1987) also obtained full, three-dimensional ^H images fi'om the stems 
of transpiring Pelargonium hortorum. These images were also achieved by spin-warp imaging. 
According to Johnson and co-workers, stem tissue types could be distinguished in the images 
by differences in signal intensity and 7), thus indicating differences in proton density and degree 
of water mobility. More recently, Amin et al. (1993) has been able to map the distribution of 
water in packed soil columns. Again, spin-warp imaging was used to obtain two and three- 
dimensional ^H density images. According to the protocol followed by Amin and co-workers, 
acceptable signal-to-noise ratios were obtained fi'om natural soil samples with Fe oxide 
contents less than 3-4% and water contents > 20%. Despite the current limitations in the 
imaging of natural soil samples and roots, as the hardware for MRI improves and the imaging 
pulse sequences become more sophisticated, the ability to obtain information on the spatial 
distribution and state of water around actively growing root systems looks encouraging. One of 
the great benefits of the STRAFI studies undertaken here is that quantitative information, in the 
form of diffusion coefficients is extractable. Although, the experiments were conducted in 
somewhat artificial conditions and failed to examine natural soil conditions, very few NMR- 
imaging studies to date, relating to the soü environment, can boost the acquisition of 
quantitative information.
In conclusion, whether the fimction of bacterial polymers in the rhizosphere is to buffer 
fluctuations in soil water potential, by the slow ingress of water, or to accelerate water 
transport fi'om bulk soil to the organism cell surface is yet to be established. However, this 
study, clearly indicates that subtle changes in polysaccharide chemistry affects the rate at which 
water diffijses through a polymer layer. As, in general, bacteria and roots in the rhizosphere are 
covered by a layer of polysaccharide, the role of polymer chemistry may now be considered a 
potentially important factor affecting the survival of organisms in the soil environment.
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7.7. The Relationship between the Mutual and Self Diffusion Coefficients 
of Water in Xanthan and De-acetylated Xanthan Solutions
7.7.1. Introduction
As already implicated, the complexity of interactions between polysaccharides and water, 
and the consequential swelling and conformational changes of the polymer material in 
solution, render the Dmutuai diffusion process highly complex. It is pertinent to consider 
how exactly water may be diffusing through a polysaccharide layer in the Dmutuai diffusion 
process. This is important if any understanding and exploitation of the water transport 
properties of bacterial polysaccharides is to be achieved in efforts to improve water 
relations in the rhizosphere. The major processes involved in the diffusion of solvents 
through polymers, identified from previous studies on synthetic materials have recognised 
several important mechanisms, including: diffusion of solvent through the inter-particle 
space, diffusion of solvent through the polymer material itself (highly important in 
hydrophilic materials) and diffusion of solvent in the vapour phase.
A number of models have been developed which describe the diffusion of solvents through 
polymer materials in terms of the above mechanisms and others. The objective of this 
study was to apply the model proposed by Duda, Ni and Vrentas (1979) to the diffusion of 
water through bacterial polysaccharides. This model is relatively simple and essentially 
proposes that, at a given polymer concentration, the D^ utitai coefficient of solvent in the 
polymer can be described in terms of the Ae// coefficient and a factor relating to the 
thermodynamics of a polymer-solvent mix. The model is based on the assumption that this 
thermodynamic function, which is dependent on polymer concentration, can be adequately 
approximated using a standard adsoiption isotherm, i.e. the equilibrium solvent content of 
the polymer as a function of solvent vapour activity. In essence, the model claims that the 
major processes resulting in the diffusion of solvent through the polymer are diffusion 
between particles, i.e. the relative mobility of water, obtained by the Ae//coefficient, and 
diffusion through the polymer material itself in an adsorptive capacity, obtained by 
measuring the ability of the polymer to adsorb water. The aim of this study was to assess
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the applicability of the Duda et a l model to the diffusion of water through xanthan and de- 
acetylated xanthan.
7.7.2. Experimental
In order to calculate the D„„,tuai coefficient of water in xanthan and de-acetylated xanthan 
according to the Duda et al model (1979), the concentration dependence of the A #  
coefficient of water and the weight fraction of water adsorbed by the polymer as a 
function of water vapour pressure, must be known. The A e // coefficients measured across 
the complete polymer hydration range for both forms of xanthan were employed, as 
measured previously by the stimulated echo technique (see Section 7.5.4). The weight 
fraction of water adsorbed at specific vapour pressures was obtained by allowing a set of 
pre-weighed dry polymer samples (-0.5 g) to equilibrate for a period of 25 days by 
storage over a set of standard saturated salt solutions (Winston and Bates, 1960). The 
polymer samples were contained within Duran bottle tops and simply floated on the salt 
solution surface. Approximately 150 ml of each salt solution was contained within 500 cm^  
screw-top jars. Each saturated salt solution produced a specific water vapour activity in 
the head-space of the sealed jar. The range of water activities obtained and the relevant 
salts used are given in Table 7.1. The polymer samples were left to equilibrate for 25 days, 
after which time each sample was re-weighed and the weight fraction increase due to 
water uptake calculated. The resulting adsorption isotherms for xanthan and de-acetylated 
xanthan were each fitted to the Oswiin equation and are shown in Figure 7.32. The Oswiin 
equation was used as it is a common fit function applied to describe adsorption isotherms 
for hydrophilic materials.
SALT WATER ACTIVITY (a J
Silica gel 0.06
CH3CO2K 0 . 2 2
Nal 0.38
Ca(N0 a) 2 0.55
NILfNOs) 0.65
NaCl 0.75
KCl 0.85
Table 7.1, Range of water vapour activities produced by 
forming saturated solutions of various salts with water.
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7.7.3. Analysis
According to Duda et al (1979), the Dmutuai coefficient of the solvent at a given polymer 
concentration is given by:
2) 4 /,
RT [â lnW j
[7.13]
where W2 is the weight fraction of polymer, R is the universal gas constant, T is 
temperature, jui is the chemical potential of water and Wi is the weight fraction of water. 
As described earlier, Duda and co-workers proposed that the thermodynamic function in 
Equation 7.13 can be approximated according to the following relationship:
[7.14]
RTKâlnWj P \â \n w j  
where Pi is the vapour pressure of water. Thus, according to the Duda et a l model, at a 
given polymer concentration, the D„niuiai of solvent in the polymer is calculable according 
to:
D [7.15]RT KPjVâlïiWj
The vapour pressure of water. Pi, was calculated for each water activity covered in the 
adsorption isotherm by substituting = CP/, where is the water activity and C is a 
constant (2.33x10^). Using this information together with appropriate Ae//coefficients of 
water in the polymer, as obtained from fits to the A e // data shown in Figure 7.19, Dmutuai 
coefficients were calculated according to Equation 7.15. The accuracy of the calculated 
Dmutuai values was then assessed by comparison with the measured values obtained by stray 
field imaging.
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7.7.4. Results and Discussion
Figure 7.32. Water vapour adsorption isotherms for xanthan 
and de-acetylated xanthan together with fits to the Oswiin equation.
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The adsorption isotherms shown in Figure 7.32, obtained for xanthan and de-acetylated 
xanthan both appear typical of a type II isotherm in the B.E.T. classification system 
(Brunauer, 1945). Similar isotherms have been previously obtained from other hydrophilic 
polymers such as pectin (Bettlehein et al., 1956) and cellulose acetate (Jeffries, 1960). 
These isotherms are characteristic of water adsorption onto polar groups by the rapid 
initial uptake of water at relatively low vapour pressures, representing adsorption of bound 
water, followed by a more gentle additional uptake at higher vapour pressures, 
representing adsorption of more loosely associated water. More specifically, Northcote 
(1953), from studies on the sorption of water by a whole range of polysaccharides, 
concluded that the rapid initial uptake is mainly due to monohydratre formation of the 
hexose units and is undoubtedly associated with the available hydroxyl groups of the 
polysaccharide. The results in Figure 7.32 show that, at any given water activity, native 
xanthan adsorbs more of its own mass in water than the de-acetylated form. Thus, in
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general, the results indicate that the adsorptive capacity of xanthan is slightly higher than 
that of de-acetylated xanthan. This observation is important as it contrasts sharply with the 
data obtained previously, which suggested that de-acetylated xanthan bound more 
water on a weight for weight basis than the native form, as the Ae//of native xanthan was 
higher across the complete polymer hydration range. The most likely reason for this lack 
of agreement between the adsorption isotherm data and the Ae// results relates to the 
difference in physical state of the water in the two experiments. In the A e // study, the 
polysaccharide material was physically mixed with water in the liquid phase, whereas the 
water in the adsorption experiment was simply left to condense onto dried polymer 
material in a powdered form. It is quite possible that in the hydrated state, the 
conformation of xanthan is different in the two experiments. Upon interaction of the 
polymer with water in the liquid phase and mixing, the molecule can fully hydrate, swell 
and the potential for water binding is maximised. However, when water simply condenses 
onto the surface of a xanthan particle, swelling of the molecule is much more restricted 
and the conformation probably remains quite similar to that in the solid state. Thus, the de- 
acetylated xanthan molecule only binds more water than the native form, when in solution, 
as a consequence of the addition of liquid water and mixing.
Inspite of the above comments, it is important to acknowledge that the adsorption 
isotherms for both xanthan types, do suggest a difference in adsorptive capacity. It is 
known that de-acetylated xanthan, in solution, has a random, disorganised structure 
compared to the native form (Callet et al., 1987). The reduced adsorptive capacity of de- 
acetylated xanthan, as observed in the adsorption isotherm study, may mean that both in 
solution and the solid state, the polymer has a disorganised random structure. Thus, de- 
acetylated xanthan cannot swell and hydrate as freely as the ordered native form and as a 
result, the adsorptive capacity of the de-acetylated molecule is reduced.
Figure 7.33 compares the D„,uumi coefficients calculated according to the Duda et al. 
(1979) model with the measured values obtained by stray field imaging.
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Figure 7.33. Comparison of Dnmmai data obtained by STRAFI with Dmutuai data calculated 
according to the Duda et al. model using xanthan and de-acetylated xanthan solutions.
Firstly, it is important to realise that, since both isotherms only extended to water 
concentrations of the order 30%, the model could only be applied to polymer samples of 
relatively low water content. In the case of xanthan, modelled coefficients closely fit 
the measured values at polymer concentrations of -70%. However, above this 
concentration, the model predicts Dmutuai coefficients which diverge sharply from the 
measured values. The modelled Dmutuai coefficients for de-acetylated xanthan show a 
similar trend, but the discrepancy between calculated and measured Dmutuai coefficients 
appears more severe. For both polymers, at worst, the divergence between calculated and 
measured Dmutuai values is out by almost an order of magnitude. Of course, for de- 
acetylated xanthan, at extremely low water contents, i.e. beyond polymer concentrations 
of -90%, the calculated Dmutuai coefficients cannot be compared with measured values as 
analysis of the stray field data failed at this point due to fitting difficulties.
The data presented in Figure 7.33, clearly indicate difficulties in applying the Duda et al. 
(1979) model to describe the concentration dependent diffusion of water through bacterial 
polysaccharides. These difficulties may be due to experimental errors associated with the
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measurement of both Dseif and Dmutuai coefficients by NMR in samples of low water 
content, where the signal-to-noise ratio can be unfavourably low. It must also be realised 
that the data obtained fiom stray field imaging is relatively highly derived. An alternative 
explanation may be that the applicability of the Duda et al. model to a variety of polymer- 
solvent systems may be limited. This may not be surprising considering the model was in 
fact formulated fi'om data obtained using a polystyrene-toluene system, altogether very 
different from the xanthan-water system under consideration here. A more fundamental 
possible reason for the lack of conformity between the measured and calculated Dmutuai 
coefficients relates to the fact that the adsorptive function of the Duda et al model, is 
measured using vapour adsorption data, whereas in the Dmutuai experiment the majority of 
water is expected to diffuse in the liquid phase. However, as found by Thornton et al. 
(1958) and Yasuda and Stannett (1952), the physical state of water is irrelevant as the 
chemical potential of the vapour at unit relative pressure is the same as that of the liquid.
Despite the discrepancies seen here between measured and modelled Dmutuai coefficients, it 
is acknowledged that the Duda et al. model has been more successful in predicting Dmutuai 
values in starch-water systems (Hopkinson and Jones, personal comm ).
In conclusion, attempts to describe the concentration dependent diffusion of water through 
the bacterial polysaccharide xanthan, in terms of diffiision through polymer inter-particle 
spaces (A e // coefficient) and diffusion through the polymer material itself (adsorptive 
capacity), failed. Due to the relatively low mass fractions of water adsorbed by the 
polysaccharide material, this failure may be related to experimental errors associated with 
measuring water diffusion coefficients in samples of low moisture content. Alternatively, 
the diffusion of water through bacterial polysaccharides may be far more complex and 
involve other processes not covered by the model applied. For example, water transport in 
the vapour phase may contribute significantly to the bulk movement of water through 
bacterial polymers, although in a completely water soluble material such as polysaccharide, 
the occurrence of void space in the matrix seems relatively unlikely.
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7.8. Chapter Summary
The Ti and T2 measurements made in this study on xanthan solutions show that only low 
polysaccharide concentrations are necessary to significantly reduce the relaxation rate of water 
protons. This suggests that bacterial polymers are extremely effective in reducing the relative 
mobility of water. In the light of these observations, it is hypothesised that in the rhizosphere, 
the presence of even low concentrations of bacterial polysaccharide will significantly reduce 
both the efflux and influx of water, which will undoubtedly affect the growth and survival of 
organisms, especially in water-stressed conditions.
This study has also highlighted some of the difficulties associated with the measurement of the 
Dseif coefficient of water in materials of relatively low water content, such as polysaccharides. 
By application of a number of NMR techniques, the stimulated echo technique in the stray field 
of superconducting magnets, was found to be the most appropriate for the determination of 
Dseif coefficients of water m the bacterial polysaccharide, xanthan, across the complete 
hydration range.
Both the Dnnoiiai and Ae//measui*ements made in this study and the adsorption isotherms for 
xanthan and de-acetylated xanthan implicate the importance of 0-acetyl groups in conferring 
the ability to absorb and transport water in bacterial polysaccharides. In the case of xanthan, the 
removal of 0-acetyl groups is believed to disrupt the helical conformation and result in a more 
random disordered network structure in solution (Callet et al., 1987). It is hypothesised this 
change in conformation facilitates a closer and greater interaction between the carboxyls and 
hydroxyls on the molecule in an aqueous environment, thus causing a reduction in the Dseif 
coefficient by an increase in the proportion of water-polymer associations. In the light of the 
results presented, the importance of side chains such as 0-acetyl groups on bacterial polymers 
to the survival of both plants and microorganisms in water-stressed conditions is considered 
pertinent and worthy of further investigation.
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CHAPTER 8 
General Discussion and Future Work
8.1. General Discussion
The work presented in this thesis, specifically data obtained in Chapters 4 and 5 has 
revealed a new phenomenon of rhizosphere microbial polysaccharides; namely, anion 
exclusion. Although this phenomenon is presented and discussed in terms of the 
rhizosphere environment, there is no reason why anion exclusion does not occur or is not 
of significance in any environment where microbial polymers are produced. Moreover, as 
polysaccharides other than those of exclusively microbial origin (such as gels produced 
naturally in the rhizosphere) have been shown to be anion-exclusive (see Section 6.4), 
there is no reason why any polymeric material, possessing the appropriate chemistry, 
should not selectively exclude the diffusion of anions. Taken in this context, the findings of 
this thesis could have major implications. Even considering polymers produced exclusively 
by microbes, some of the properties of the exopolymer matrix of biofilms could now be 
explained in terms of anion exclusion. A fine example of this is the apparent inability of a 
range of biocides to kill bacteria within biofilms. It has been hypothesised that the charged 
nature of the exopolysaccharide matrix in some way prevents access of the bioactive 
molecules to the bacterial cell surface (Costerton, 1985). Could the biocide be excluded 
fi*om the gel due to unfavourable charge interactions between the bioactive molecule and 
fixed charges on the polymer molecule? Reference to the literature suggests such an 
explanation has not as yet been seriously considered. However, interestingly, lass et al. 
(1995) and Blenkinsopp et al. (1992) have found that a range of commercial biocides can 
penetrate biofilms in the presence of an electric current. This finding, in conjunction with 
the data presented in this thesis, may fuel enthusiasm to investigate this proposal further.
It is fascinating to find a number of other reports in the literature, concerning the 
behaviour of microorganisms under a variety of conditions, which may all be explained by 
the anion-exclusive properties of the polysaccharides these organisms produce. For 
example, Aono et al. (1995) found the ability of the alkaliphile Bacillus lentus C-125 to 
survive in high pH environments was linked to the high acidic polymer content of the cell
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wall of this bacterium. On the evidence of this project, it is quite possible that these acidic 
polymers are behaving anion-exclusively and thus preventing OHT from diffusing into the 
cell. In another example, concerning the behaviour of Enterobacter cloacae 
(coincidentally one of the bacteria under study in this thesis), Herson et al. (1987) 
reported that attachment (via the production of exopolysaccharides) appeared to confer 
protection to the organism against disinfection from chlorination. As in the process of 
chlorination, OCf must diffuse to the bacterial cell surface for a toxic reaction, the anion- 
exclusive behaviour of capsular exopolysaccharides which surround this organism may 
explain this observed resistance.
There are many other areas where the anion-exclusive behaviour of microbial polymers 
could be of significance. For example, anion exclusion may play an important role in the 
development of Pseudomonas aeruginosa biofilms in cystic fibrosis patients. As the 
production of polysaccharide by this organism is now fairly well understood, even at the 
genetic level, it is hypothesised that perhaps the effects of anion exclusion may regulate 
expression of certain genes already identified as specific to cell physiology within biofilms 
(Boyd and Chakrabarty, 1995).
Of course, all the above proposals only follow if microbial polysaccharides, in actively 
growing biofilms, actually behave anion-exclusively. This is one of the most difficult 
questions to answer and the author fully acknowledges that the results presented here 
represent the first steps in establishment of the concept. However, it is quite possible that 
in the presence of metabolising bacteria, with many additional fluxes of charged and 
uncharged species diffiising in both directions across the capsular polymer layer of a 
bacterium, anion exclusion may well break down. Maybe bacterial capsular polymer is 
simply not anion-exclusive. It is fair to assert that as a result of the polysaccharide 
extraction procedures adopted in this project (see Section 2.2.1), this thesis has only 
investigated the anion-exclusive properties of polymer secreted directly into the immediate 
environment. Although the chemistry of this and capsular polymer are generally agreed to 
be identical, Sutherland (1988) proposed that the conformation of capsular material is 
different. One of the most interesting findings of this project is that polymer conformation 
can dramatically affect the anion-exclusive behaviour of microbial polysaccharides (see
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experiments reported in Chapter 4) Perhaps these possible differences in capsular polymer 
conformation explain why these materials do not behave anion exclusively.
One of the most interesting reports, published on the influence of polysaccharides on 
availability of nutrient anions to bacteria is that of Rorem (1955). This worker provides 
the most conclusive evidence to date that capsular polysaccharides produced by a range of 
bacteria under laboratory conditions, do not restrict the diffusion of anions. This 
researcher actually detected a greater uptake of phosphate by those bacteria producing 
polysaccharides, compared with non-polysaccharide producing isolates. This result is 
fascinating and possibly contradicts the findings and proposals of this thesis. Rorem 
provides no reason why he obtained these results. The author of this thesis has three 
comments to make in relation to Rorem’s work. Firstly, this worker only measured uptake 
into the bacterial cell, and this bears no relation to how rapid diffusion was through the 
capsular polymer layer. Secondly, maybe the greater uptake of phosphate observed by 
Rorem in those bacteria producing polysaccharide was simply due to these organisms 
having a higher metabolic rate. Finally, it is possible that the presence of polyvalent cations 
in the medium, by binding to negatively-charged capsular polymer, resulted in a gel with a 
net positive charge which could thus behave cation-exclusively, permitting the diffusion of 
anions, such as phosphate. Under such conditions enhanced uptake of phosphate would be 
theoretically possible.
It is important to realise that anion exclusion, as a phenomenon, is not new. As described 
in Chapter 1, the selective exclusion of charged species from diffusing through porous 
layers has been observed since the early part of this century (Loeb and Beutner, 1912). 
The theory of permselectivity, as it was then known was developed and published, 
principally, by Karl Sollner in 1940s and 50s, to explain the ion sieving behaviour of 
artificial cell membranes. It is pertinent to note that at around the same time, but 
completely independently, in the field of ion-exchange resins, elements of the same theory 
were published by Jakubovic et ah (1958) and associates. These workers adopted the term 
'chain diffusion’ to describe the mechanism by which a negatively-charged polymer layer 
can transport cations at a much faster rate than through free aqueous solution. In addition, 
Jenny and Overstreet (1939) developed the theory of 'contact exchange’ to explain
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essentially the same phenomenon, but in clays and gels within soil. Both 'chain diffusion’ 
and 'contact exchange’ explain basically the same phenomenon which Sollner describes in 
his permselectivity theory. In addition, de Haan (1964) and Bolt and de Haan (1965) 
developed the theory of anion exclusion to explain the inability of anions to diffuse 
through clay soils. What is interesting is that none of these researchers from each of these 
disparate areas actually cited each other. Although this is fascinating, this observation 
most importantly highlights the general importance of what is called here, anion exclusion 
in charged porous media. In fact, over the years, as described in Chapter 1, the 
phenomenon of anion exclusion has found applications in areas as diverse as waste water 
treatment, batteries and brain transplantation surgery. However, evidence of anion 
exclusion in biological systems appears scarce. Certainly, in terms of soil polysaccharides, 
this thesis fully describes and develops the concept for the first time. However, it is 
important to acknowledge that prior to undertaking the research for this thesis, the 
inability of anions to penetrate biofilms on copper piping was being and is still, implicated 
as the principal reason for microbially induced corrosion (Wagner et al., 1994). Clearly, 
the data presented in this thesis enhance and support this proposal.
One of the obvious questions which appears as a result of this thesis is that, if microbial 
polymers which surround microorganisms and roots severely restrict the diffusion of 
anions, then how do these organisms obtain sufficient anionic nutrients. Clearly, they do. 
Either, microbial polymers, for some reason or another do not behave anion-exclusively 
directly on the exterior of the cell surface, or, they do but microoganisms and plant roots 
have other mechanisms for obtaining anions. Alternatively, microbial polymers are anion- 
exclusive and all organisms within the rhizosphere just 'put up’ with the problem.
Some may say that Costerton and associates (1994, 1995) have recently revolutionised 
our understanding of the structure of biofilms, and since, one may consider 
polysaccharides produced in the rhizosphere to be part of a biofilm, some correlation of 
Costerton’s ideas to the findings of this thesis is deemed appropriate. Essentially, 
Costerton and co-workers consider that biofilms possess a distinct, common morphology, 
comprising discrete water channels which run between individual microcolonies. Each of 
these microcolonies is surrounded by a thick coat of polysaccharide which is shaped like a
274
mushroom around each group of cells. KeeviTs group (Walker et al., 1995) have 
suggested a similar heterogeneous, mosaic-type structure to biofilms. In relation to 
Costerton’s model, several reports have now appeared in the literature which provide clear 
evidence for the existence of discrete water channels within natural biofilms (de Beer et 
al., 1994; Stoodley et at., 1994). It has thus been proposed that biofilms comprise a much 
more non-uniform covering of exopolysaccharide than was previously believed. According 
to Costerton, the polysaccharide component of biofilms appears in quite discrete areas and 
therefore relatively large gaps exist within biofilms through which water and ions can 
diffuse. In the rhizosphere, if the biofilm structure proposed by Costerton is correct, then 
the mucigel layer, if anion-exclusive, may not provide such a complete barrier to the 
diffusion of anions towards the root surface. The more incomplete the polymer layer 
which surrounds roots, the less impact anion exclusion will have. In support of this, Dibdin 
(1994) recently reported that acidic microbial polysaccharides which are produced in 
biofilms will only have a significant effect on ionic distribution and fluxes in the presence 
of a uniform layer of polymer. The author of this thesis does not believe that the mucigel 
layer is completely uniform, but is not convinced that it forms such an incomplete covering 
as Costerton’s structure suggests. The main problem with Costerton’s theory is that it is 
based entirely on data obtained from biofilms in flowing aqueous environments. Thus, the 
generation of these mushroom-like polymer envelopes which surround microcolonies is 
simply a result of the flow characteristics of the environment in which the biofilms are 
found. In support of this assertion, Korber et al. (1994) has found the depth and number 
of channels identified in biofilms in aqueous environments to vary as a direct function of 
flow rate. It would therefore appear that the distinctive architecture of biofilms which 
Costerton describes is actually specific to microbial films which form in flowing aqueous 
environments. On this basis, the biofilms which constitute the mucigel layer may be more 
uniform than Costerton proposes and thus, the rhizosphere polysaccharides can be 
expected to form a relatively complete barrier to the diffusion of anions. Furthermore, 
Wimpenny and Colasanti (1997) have recently suggested that differences in biofilm 
structure may be related to variations in available substrate concentration between 
different environments. These workers propose that biofilms which develop in 
environments such as water distribution systems, where the availability of substrates is 
likely to be very low, tend to adopt relatively non-uniform, mosaic-type structures,
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whereas biofilms in environments such as the rhizosphere, where substrate concentrations 
are most probably higher, develop an exopolysaccharide covering which is more complete. 
At the present time, it would appear that both the physical and chemical properties of the 
immediate environment can influence biofilm architecture.
It is now appropriate to summarise the theory of anion exclusion as applicable to microbial 
polysaccharides, as determined from the studies reported in Chapters 4 and 5. Firstly, the 
most suitable theory available to describe the diffiision of ions through microbial 
polysaccharides is the permselectivity theory, as developed by Sollner (1974). This theory, 
based on the influence of electrostatic fields produced from fixed negative charges, seems 
to support all the work undertaken in this thesis well. The heterogeneous network-like 
structure of these pores also seems appropriate in the case of microbial polysaccharides. 
Certainly, the proposed effect of pore diameter on anion exclusion, as proposed by the 
theory of permselectivity, seems to follow for microbial polymers. From a range of studies 
reported in Chapter 4, a direct relationship has been identified between polymer 
concentration (assumed to directly relate to pore diameter) and the degree of anion 
exclusion. In addition, the proposed effects of polymer layer thickness, as proposed by 
Sollner (1945) also appear to explain the limiting thickness relationship obtained from 
experiments described in Section 4.2.3. In the case of xanthan, a direct relationship was 
found between polymer layer thickness and anion exclusion, for layers between 0.2-1.2 
mm thick. This relationship can be explained if a xanthan layer possesses pores with no 
cross-connections (see Figures 4.6 and 4.7 for further details). However, for xanthan 
layers beyond 1.2 mm, anion exclusion appears to be independent of further increases in 
layer thickness and this can be explained if the xanthan layer contains pores which 
interconnect. Clearly, for the layer thickness range examined, is it unlikely that xanthan 
adopts both these layer structures, however, as layer thickness does increase it seems 
logical that the proportion of inter-connecting pores will also increase. In reality, the layer 
structure of xanthan probably comprises both interconnecting and non-interconnecting 
pores.
The most interesting and probably significant part of this thesis, in terms of understanding 
the theory of anion exclusion has arisen from studies reported in Section 4.2.4 which
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examined the effect of polymer chemistry on this phenomenon. Sollner and associates only 
ever studied the effect of negative charge on anion exclusion. However, here, the effect of 
an essentially uncharged substituent, 0-acetate, has been assessed. It has been shown that 
selective removal of this group from xanthan significantly increases the degree of anion 
exclusion. It is hypothesised, both from data obtained and from what other workers have 
observed, that removal of this group causes a considerable change in solution 
conformation of the xanthan molecule. This change is most likely to a more disordered 
state. The mean pore diameter of native xanthan is considered to be larger than that of the 
de-acetylated form. Thus, a smaller pore diameter, increases the probability of a pore 
being blocked by electrostatic fields of the fixed charges (carboxyls) on the polymer 
molecule, thus the degree of anion exclusion is higher. However, it must be stressed, this 
is only an hypothesis. The real situation may be considerably more complex than this 
simple explanation.
Not only has the influence of 0-acetate in xanthan on anion exclusion been successfully 
demonstrated, but also pyruvate (see Section 4.2.4). Like 0-acetate, the removal of 
pyruvate appears to increase the anion-exclusive behaviour of xanthan. It is proposed that 
the mechanism in action here, is essentially similar to that for 0-acetate, i.e. removal of the 
substituent causes a net increase in the proportion of electrostatically blocked pores to the 
passage of anions. However, the precise effect of pyruvate groups on the conformation of 
xanthan in solution remains unclear.
Unfortunately, from examination of the chemistry and anion-exclusive behaviour of a 
range of chemically diverse polysaccharides (see Section 4.2.5), the relationship identified 
for xanthan between 0-acetyl and pyruvate content and anion exclusion was found not to 
be universal. It is concluded that although for any individual polymer, a negative 
relationship between either 0-acetyl and/or pyruvate and anion exclusion may exist, 
between polysaccharides, other factors relating to polymer conformation are important, 
such as nature of monosaccharide linkage, structure of the repeat unit and charge 
distribution along the polymer chain.
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Other studies described within support additional theories found in the literature 
concerning ion transport in polysaccharides. For example, certain data sets presented in 
Chapter 5, clearly indicate that, under appropriate conditions, xanthan can transport 
cations at a faster rate than through free aqueous solution, in accordance with the theory 
of 'contact exchange’ and 'chain diffusion’ as proposed by Jenny and Overstreet (1939) 
and Jakubovic et al. (1958), respectively. However, it is important to note that upon 
closer examination of cation transport in xanthan (see MRI studies in Chapter 5) no 
significant increase in the rate of cation diffusion through xanthan could be detected. 
Although this may suggest that microbial polysaccharides do not behave exactly as 
proposed by Sollner and associates, the author withholds such a conclusion until the 
diffusion of cations other than just Mn^  ^through microbial polymers have been studied.
One particularly interesting mechanism of cation transport in microbial polymers which is 
not proposed in any theory developed by Sollner, Jenny, Jakubovic or co-workers is that 
of the influence of mobile polymer chains. To be fair, most of the previous theorists have 
only been concerned with more solid porous materials such as collodion and clays, where 
the polymer chains are less free to move and contribute to the transfer of ions through the 
polymer layer. However, in polysaccharide gels, especially at low concentrations, the 
negatively-charged polymer chains are relatively mobile and it is quite probable that a 
significant proportion of cations can be transferred through the polymer layer by this 
mechanism. This possibility came to light from reference to studies in the literature 
concerning current theories on the transfer of ions through polymer electrolytes used in 
batteries. For example, Johansson et al. (1995), from studies on ionic mobility in 
poly(ethylene oxide) polymer electrolytes, found the ionic conductivity of these materials 
to increase as a function of polymer hydration, and this increase in the level of polymer 
hydration was linked to an increase in mobility of the polymer chains. In addition, Ng et 
al. (1996) concluded, from studies on ion transport in a range of solid polymer 
electrolytes, that rate of transport of the charge carrying species is determined directly by 
mobility of the polymer material. In the light of these reports, it is proposed that one 
mechanism which may be extremely important in the transport of cations through 
microbial polysaccharides is the transfer of cations, attached to the polymer chain, by 
movement of the chain itself. This chain mobility mechanism probably occurs in addition
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to the ‘contact exchange’ mechanism proposed by Jenny and associates. Interestingly, 
unlike ‘contact exchange’, the contribution which chain mobility makes to the transfer of 
cations through the polymer layer, is believed to increase as the polysaccharide 
concentration decreases. In the case of ‘contact exchange’, it is considered that a greater 
proportion of cations will be transported by this mechanism with increasing polymer 
concentration, as the electrostatic fields will be closer to each other. How important each 
of these mechanisms is in the transfer of cations across microbial polymers as a function of 
concentration must await further research. Notwithstanding these comments, polymer 
chain mobility could explain why, in the studies reported in Chapter 5, an increase in the 
rate of Mn^  ^diffusion through a xanthan layer was not measured, but an increase in the 
rate of diffusion was detected in certain data sets. If both these cations were being 
transported by movement of the polymer chains, as Mn^  ^ is divalent, it may cross-link 
between polymer chains, thus restricing the rotational volume of these Mn^^-bound 
polymer chains. The divalent nature of Mh^  ^could thus explain why the diffusion of this 
cation through xanthan was not enhanced, relative to that through free aqueous solution.
Although, as already mentioned, the anion-exclusive behaviour of microbial 
polysaccharides may be of significance in a diverse range of environments, this thesis has 
focused on the significance of this phenomenon in the rhizosphere environment. Anion 
exclusion may affect a large number of processes and be of significance to any number of 
organism groups in the root environment, but this work has concentrated on one single 
component, the plant. Ultimately, in economic terms at least, the plant is the most 
important component of any rhizosphere and for this reason was chosen as the organism 
of interest. From the experiments described in Section 6.2, the presence of an anion- 
exclusive polysaccharide was found to significantly reduce the phosphate content of the 
plant, but not the potassium content. However, those plants grown in the presence of 
anion-exclusive polymer appeared to grow unexpectedly better. Clearly, more data is 
required on the influence of anion-exclusive polymers on plant growth. However, as a 
result of the in vivo data obtained, it is hypothesised that in reality, if anion exclusion is 
occumng at the soil-root interface, the effect on plant growth, in the presence of sufficient 
water, is probably relatively minimal. Although, it is proposed that the effect of anion- 
exclusive polysaccharides which surround bacteria in soil may be considerable, as one has
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to consider that the estimated thickness of polymer layers around the root is very small in 
relation to the total absorbing surface. However, the thickness of a bacterial capsular 
polymer layer is very large in relation to surface area of the organism. It is generally 
agreed that a typical soil bacterium possesses a capsular polymer layer of considerable 
thickness (Killham, 1994) which may in fact approach the diameter of the cell itself. As a 
consequence, the impact of anion-exclusive polymers on the growth of soil bacteria is 
likely to be far more significant than to the growth of plants. In addition, as bacteria rely 
mainly on diffusion to obtain nutrients, whereas mass flow may account for a considerable 
proportion of nutrients which a root acquires, the potential impact of anion-exclusive 
polymers on availability of nutrient anions at the bacterial cell surface may be considerable.
In summary, this thesis has identified a new phenomenon of microbial polysaccharides and 
established a number of physical and chemical parameters which control this process. As a 
result of the studies undertaken, it would be fair to conclude that potentially at least, many 
polymers in the rhizosphere behave anion-exclusively and as a result, significantly reduce 
the availability of nutrient anions at both the microorganism and root cell surface. 
However, this is not the final conclusion of this thesis, for why, if microbial polymers 
behave anion-exclusively at the microorganism/root cell surface, have these organisms not 
evolved a polymer which does not restrict the availability of nutrient anions at the cell 
surface. This question formed the basis of the experiments presented in Chapter 7. It is 
proposed that these gels within the rhizosphere are produced, with a particular chemistry, 
for a different, and possibly more important reason. A range of ^H NMR techniques were 
employed in the experiments described in Chapter 7 to determine the effect of 0-acetyl 
groups in xanthan on the rate of water transport, D^ utuai coefficient, (see Section 7.6) and 
degree of water binding, Dseir coefficient, (see Section 7.5). It was found that removal of
0-acetyl groups from xanthan significantly slowed down the rate of water diffusion 
through this polysaccharide, at any given polymer concentration. It is believed that a gel in 
which water diffuses slowly (i.e. de-acetylated xanthan) is more beneficial to both 
microorganisms and plant roots in the rhizosphere as it protects these organisms against 
large fluctuations in soil water potential. The key reason why the diffusion of water is 
slower in de-acetylated xanthan compared with the native molecule was apparent from 
measurement of the Dseif coefficient of water in xanthan. It was found that at any given
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polymer concentration, the Dseif coefficient of water in de-acetylated xanthan was 
considerably lower than that in the acetylated form. This result is interpreted to mean that 
the de-acetylated molecule binds more water than native xanthan on a weight for weight 
basis. To the best of the author’s knowledge, this is one of only two reports published 
which show an effect of 0-acetyl groups on the binding of water in polysaccharides. The 
other report comes from Skjak-Break et al. (1989). However, in contrast to what was 
found here, these workers reported the removal of 0-acetyl groups from Ca-alginate to 
significantly decrease the amount of water this polymer absorbs. As a result of the findings 
obtained in this thesis for xanthan, the conflicting results of Skjak-Break et al and the fact 
that the O-acetyl content of a whole range of polysaccharides could not be directly linked 
with anion-exclusion (see Chapter 4), it is proposed that the effects of O-acetyl groups on 
anion-exclusion and water transport may not be universal for all microbial gels.
In relation to the findings of this study, referral to the literature suggests that the carboxyl 
groups in de-acetylated xanthan are free to form a greater and closer interaction with 
water molecules in the gel compared with the native polymer, and this explains why the 
de-acetylated form binds more water and thus, slows down the rate of water diffusion. It 
is also believed that polymers in the rhizosphere which bind a high proportion of water, 
protect organisms from water stress by buffering changes in soil water potential far more 
effectively than those which bind less water (i.e. native xanthan).
Data obtained from the anion exclusion studies described in Section 4.2.4, indicated that 
de-acetylated xanthan was more anion-exclusive compared with the native form. Polymers 
extracted from the rhizosphere of pea were effectively devoid of O-acetyl groups (see 
Section 6.4) and, as indicated from the diffiision potential data, like de-acetylated xanthan, 
these materials are expected to severely restrict the availability of nutrient anions at the 
organism cell surface. However, it is proposed that the reason these anion-exclusive 
polymers are produced in the rhizosphere is that they bind more water and slow down the 
rate of water diffusion, thus protecting the organism from conditions of water stress by the 
same chemical features which confer anion exclusion. It has been shown, using xanthan as 
a model rhizosphere polymer, that the properties of microbial polysaccharides which
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confer anion exclusion appear to be the same properties which confer protection to the 
organism against water stress.
Basically, it has been found that polymer chemistry links two independent phenomena, 
anion exclusion and water absorption. However, reference to the association-induction 
theory developed by Ling (1961, 1965) does suggest that these two phenomena may be 
two facets of the same process. This theory is based on the concept that in systems such as 
polymer gels, water exists as partially immobilised, polarised multilayers, bound to the 
polysaccharide molecule. Water-sqluble substances, such as ions, require free water 
molecules for their hydration shells, but, as the majority of water within the pores of the 
gel is associated with the polymer molecules, the anions cannot diffuse through the pore, 
due to a lack of free water with which to associate. The cations can diffuse freely, by 
contact exchange (Jenny and Overstreet, 1939) or possibly by polymer chain motion. 
Therefore, it is possible that the highly anion-exclusive behaviour of de-acetylated xanthan 
may be caused not by electrostatic repulsion by the fixed negative charges on the pore 
wall, but by the increased proportion of bound water within the pore. Thus, it is the 
change in the interaction of water with xanthan, which actually causes both the observed 
effects in the Dmutuai and Dseif coefficients and anion exclusion. At this stage, the above 
explanation is nothing more than speculation, but does illustrate how anion exclusion and 
water absorption in polysaccharides may be connected.
In relation to the findings of this thesis, in the context of organisms in the rhizosphere, it is 
proposed that protection against large changes in soil water potential is a far greater 
priority for soil organisms than the consequences of anion exclusion. Although it would be 
ideal to produce a polymer which was highly water retentive and not anion-exclusive, data 
presented suggests this is rather unlikely. Probably because, at the mechanistic level, 
exposure of a carboxyl to the solvent (i.e. water) both promotes binding of water to the 
polymer molecule and presents an electrostatic field to the solvent, thus any diffusing 
anions are repulsed and excluded. It is proposed that organisms in the rhizosphere, faced 
with this problem, are thus forced to make a compromise, and accept a reduced 
availability of nutrient anions for more effective protection against the conditions of water 
stress. This is a fascinating situation. There are undoubtedly very many simultaneous
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processes occurring in the rhizosphere and all have various impacts on the organisms 
contained within. This thesis suggests just one example of how organisms may have to 
compromise their physiology in complex environments such as the rhizosphere. Maybe, in 
these circumstances, evolution cannot, even for microorganisms, provide the ‘perfect’ 
adaptations.
8.2 Future Work
A major proportion of the work presented in this thesis has been based on studies using 
model systems. In an attempt to verify the existence of anion exclusion and restricted 
water mobility in microbial polymers, it is appreciated that more information is required on 
the occurrence and significance of anion exclusion in natural rhizosphere environments. 
This should be the main thrust of any future work. Two complementary approaches are 
proposed. Firstly, to assess the diffusion of ions across a microbial polymer layer within a 
sand-based soil, and then to move onto studies using real soil. Detection of diffusing 
anions could easily be realised using isotopes, such as and A second approach is 
to study the influence of anion exclusion on the total flux of ions from bulk soil to the 
root-cell surface, from theoretical considerations only. This work involves the adaptation 
of current nutrient diffusion models in soil, such as the Barber-Cushman model (1981). 
Both these approaches aim to integrate the effects of anion exclusion, as characterised by 
the studies in this thesis, into the context of ion flow in a soil environment.
In terms of the water diffusion work presented in Chapter 7, again, future studies should 
focus on the effect of microbial polymers and their chemistiy on water flow in the context 
of a rhizosphere environment. Of course, there are many other processes and parameters 
which occur in soil which could influence the ability of microbial polymers to transport 
water. One of the more intriguing is that of vapour phase transport. Polysaccharides in 
general have such a high affinity for water, that the presence of these materials in the 
rhizosphere may increase the amount of water reaching the root by vapour phase. This 
could be especially important in dry conditions. For example, Nobel and Cui (1992) have 
recently found that an air-filled gap between the soil and root of desert succulents 
increases in size as the soil dries. More recently. North and Nobel (1997) have suggested
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this gap functions to reduce hydraulic conductivity in dry conditions and thus prevent 
water efflux from the root. However, under such water-stressed conditions, the transport 
of water across this gap to the root surface (which is coated with hydrophilic polymer) by 
vapour phase could become extremely important. What is even more interesting is that if a 
significant proportion of water is transported in the vapour phase under dry conditions, 
then how does the plant acquire nutrient ions? The possibility of water uptake by roots 
occurring by vapour transport has been qualitatively demonstrated by Dalton (1988), who 
found the vapour phase component to increase with the rate of transpiration. Dalton 
experimentally proved this by applying a mix of H2 O and HDO to soil and measuring the 
ratio of H2 O to HDO in the root. As the vapour pressure of H2 O is greater than HDO, the 
more water which is taken up from the vapour phase, the greater the ratio of H2 O to HDO 
in the root. Such elegant techniques as this could enable future studies on the influence of 
microbial polysaccharides on vapour phase transport of water in the rhizosphere to be 
realised.
In agreement with the findings of several other workers (Dudman, 1977; Kilbertus et ah, 
1979; Bengtsson, 1991; Chenu, 1993), this thesis proposes that microbial polysaccharides 
in the rhizosphere play a vital role in protecting both microorganisms and plant roots 
against rapid fluctuations in soil water potential. It is also suggested that root mucilage 
may function in a similar manner. However, recently, McCully and Boyer (1997), from 
studies on the hydration kinetics of maize root-cap mucilage, conclude this material per se 
to have almost no capacity to retain water in the rhizosphere. These workers found the 
water potential of this mucilage to change rapidly with relatively small changes in water 
content during hydration and dehydration. McCully and Boyer thus propose that maize 
root-cap mucilage has a poor water holding capacity and hence offers little protection to 
the root against the effects of excess soil water or desiccation. Clearly these findings 
contrast the proposals of this thesis in terms of root-derived polysaccharides. However, if 
it is true that root-cap mucilage absorbs little water, the importance of microbial gels in 
buffering changes in soil water potential may be greater than previously thought. In 
support of this proposal. Young (1995) has found the rhizosheath soil of wheat to be 
considerably wetter than bulk soil and suggests this is due to the presence of both plant 
and microbial polysaccharides. It is quite feasible that, in general, microbial polymers
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possess higher molecular weights, decreased levels of substitution (i.e. absence of O-acetyl 
groups) and are more negatively-charged than plant-derived gels. For these reasons, 
microbial gels may bind more water on a weight for weight basis than their plant-derived 
counterparts, and thus may be the causal agent of Young’s observations. The presence of 
even small quantities of microbial polysaccharides in the rhizosphere may offer 
considerable protection to roots against the conditions of water stress. Notwithstanding 
these comments, in the light of the recent findings of McCully and Boyer, other workers in 
this field and the proposals of this thesis, future work in this area should focus on the 
functional significance of both plant, microbially-produced polysaccharides and the 
complex thereof, to water relations in the natural rhizosphere environment.
Some may argue that the measurement of anion exclusion in polymer layers 0.2 mm thick 
(see Section 4.2.3) is not truly representative of the kind of layer thicknesses reported in 
the root environment. Practically, these were the thinnest layers which could be accurately 
manufactured from a water-soluble gel. Notwithstanding these comments, the actual 
thickness of hydrated gels in the rhizosphere is a major point of contention and these 
earlier studies lacked both qualitative and quantitative information on the appearance of 
these naturally hydrated gels. There is plenty of data available in the literature on the 
spatial arrangement and architecture of the biotic and abiotic components in the 
rhizosphere from the many valuable electron microscopy studies which have been 
undertaken in the last thirty years. However, now that research is turning to investigations 
of the functions of these soil components, such as those under consideration here, data is 
urgently required from the analysis of rhizospheres in their natural state. How to obtain 
these data, such as thickness measurements of naturally hydrated mucigel layers is 
probably a point for further work in its own right. However, the literature still holds many 
ideas on how to overcome some of the experimental difficulties. For example, Martin and 
Foster (1985) report on the use of a clay mineral, calcined attapulgite, as an ideal model 
‘soil’ for ultrastructural studies, enabling large intact thin sections through root, rhizoplane 
and soil to be obtained. The siliceous materials present in natural soils are simply 
unsuitable for sectioning. Techniques such as those proposed by Martin and Foster, which, 
through their use, can provide for the first time direct information on the architecture of
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natural rhizospheres, will undoubtedly enable researchers to gain a better understanding of 
the functions and processes occurring within the rhizosphere environment.
One disappointment during this study, was the inability to successfully selectively de- 
carboxylate xanthan (see Section 4.2.4). Thus, although some aspects of the theory of 
anion exclusion have been shown to clearly apply to microbial polysaccharides, one of the 
central features, as proposed by Sollner and associates (i.e. the positive influence of 
negative charge on the degree of anion exclusion), could not be proved. Moreover, it 
appears that it may never be proved in the case of xanthan as no method is available to 
selectively reduce the carboxyl groups in this polysaccharide without rendering it insoluble 
in water (Sutherland, pers. comm.) However, methods do exist in the literature to increase 
the carboxyl content of other polysaccharides, for example scleroglucan. A number of 
workers have successfully carboxylated this microbial polymer by a combined periodate- 
chlorite oxidation procedure (Crescenzi et al., 1983; Gamini et al., 1984). Such an 
approach could be used in future studies to establish a relationship between the degree of 
negative charge in a microbial polymer layer and the level of anion exclusion.
One of the features of this thesis has been the application of a range of ^H NMR imaging 
techniques to, ultimately, studies on the functional significance of microbial 
polysaccharides in the rhizosphere. This is a relatively unconventional approach, yet, the 
non-invasive and highly sensitive nature of these methods should show great attraction to 
other workers in the field. NMR imaging, as a technique, has only been routine for about 
the last twenty years, yet, in that time has made enormous contributions in several areas of 
physics, chemistry and biology. With new and more refined techniques continuously 
appearing in the literature, there are a whole host of opportunities for the application of 
NMR imaging in studies on water relations in the rhizosphere. For example, Southon and 
Jones (1992) have shown that the use of gradient imaging, as opposed to spin-echo 
imaging (such as that used in experiments reported in Chapter 5) detects less signal from 
soil water. This is probably due to the fact that in gradient echo experiments, signal is 
rapidly lost from soil water, due to magnetic field inhomogeneities (e.g. caused by the 
presence of paramagnetics in soil), and this signal is not refocused, whereas in spin-echo 
imaging the signal is refocused. In addition, gradient echo images are found to have better
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contrast. This method could be useful in imaging water distribution in roots coated with 
polymer gels, as only water within the roots would be detected.
In addition, the closely-related technique of ESR (electron spin resonance) could prove 
extremely useful in studies on the state of water within localised regions of the 
rhizosphere. The problem with NMR is that the total signal is detected from water itself, 
the relaxation of which is greatly affected by paramagnetic ions and no measurements can 
be made on the mobility of localised bound water, as bulk water relaxation signal will tend 
to predominate. However, in ESR, nitroxide spin probes can be used, which are stable 
radicals whose rotational motion in water is directly proportional to the viscosity of its 
immediate environment. For example, McBride and Baueye (1995) successfully used a 
negatively-charged nitroxide spin probe to sense the interfacial solution, as opposed to 
bound water, absorbed to clay surfaces. Such a probe can thus selectively sense the 
dynamic properties of water through its own rotational mobility in the aqueous 
environment. Hence, the rate of water transport in bulk, rhizosphere and directly at the 
root surface could be measured using this technique.
As may have become apparent to the reader, the fundamental approach which researchers 
take in tackling scientific problems is of principal interest to the author, and it is on this 
basis that I would like to conclude this thesis. A key aim of this work has been to gain an 
understanding of the diffusion of ions and water through microbial polysaccharides at the 
most basic level, in terms of fundamental theories in physical chemistry. This thesis has 
then attempted to apply these theories to assess the significance thereof in the complexity 
of a rhizosphere environment. This seems a reasonable approach, since as a result of the 
initial simple studies in model systems, an understanding of the phenomenon of anion 
exclusion and what parameters affect it, has been obtained. Yet, to assess the significance 
of this phenomenon at the rhizosphere level may in fact be extremely difficult. The 
approach taken in this work has been one of mechanistic reductionism. This approach, 
according to the philosopher David Hull (1974), simply does not make sense as a research 
method. It is perfectly possible to reduce the diffusion processes occurring in the 
rhizosphere down to fundamental theories and principles in physical chemistry, but in 
doing so, many of the important features of both chemistry and biology are missed. These
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features arise purely from the emergent properties of biological systems, where many 
processes occur simultaneously. These most basic processes, including anion exclusion, 
interact and perform differently at different levels of organisation. At the rhizosphere level, 
the theory of anion exclusion takes on different properties, different perspectives, different 
degrees of significance, simply because it is being considered at a higher explanatory level 
and degree of organisation. It is these emergent properties of any phenomenon which are a 
particularly important feature of biological systems and make these systems so notoriously 
difficult to study as interacting wholes. Maybe this problem is one of many which 
subconsciously inspires those who study the incredible complexity of the root 
environment.
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Appendix
Maintenance media 
Peptone and Glucose Agar
Peptone (Oxoid)
D“glucose
Agar
Distilled water
Malt Yeast Glucose Agar
Yeast extract (Oxoid)
Malt extract (Oxoid)
Glucose
Agar
Distilled water
10 g 
20 g
15 g 
1 1
4g
10 g
4g
15 g 
1 1
Growth Media 
Peptone Glucose Medium
Peptone (Oxoid) 10 g
Glucose 20 g
Distilled water 1 1
Peptone Malt Fructose Medium 
Peptone (Oxoid) 3 g
Malt extract (Oxoid) 9 g
Fructose 9 g
Distilled water 1 1
Azotobacter Medium 
(according to Harper and Lynch, 1979) 
Sucrose 10 g
K2HPO4  0.64 g
KH2PO4  0.3 g
KNO3 0.505 g
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Ca(N03)2.4H20 0.35 g
NaNOs 0.17 g
MgS04.7H20 0.37 g
Ferric EDTA 3.5 mg
H3BO3 0.57 mg
KCl 0.105 mg
MnS0 4  0.081 mg
CUSO4 .7 H2 O 0.04 mg
ZnS0 4 .7 H2 0  0 . 0 2 2  mg
(NH4)6Mo7 0 2 4 .4 H2 0  0 . 0 0 2  mg
Distilled water 11
Pseudomonas Medium 
(according to Roberson and Firestone, 1992) 
Glucose 20 g
NH4 CI 4 g
Na2HP04 3.7 g
KH2PO4  5.58 g
Hutners mineral base (see below) 40 ml 
Distilled water 960 ml
Hutner’s Mineral Base 
Nitrilotriacetic acid 10 g
MgS04 14.4 g
CaCl2.2H20 3.33 g
(NH4)6Mo7 0 2 4 .4 H2 0  9.25 mg
FeS04.7H20 0.09 g
Stock salts solution (see below) 50 ml
Distilled water 950 ml
Stock Salts Solution
EDTA 2.5 g
ZnS04.7H20 10.9 g
FeS04.7H20 5 g
MnS04.H20 1.54 g
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CUSO4 .5 H2 O 0.392 g
Co(N03)2.6H20 0.248 g
Na2B4O7.10H2O 0.177 g
Distilled water 11
Czapek Dox Medium 
Czapek dox liquid medium 33.4 g
Peptone (Oxoid) 5 g
Distilled water 11
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